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Abstract 
Impressed current cathodic protection (ICCP) is a well-established technique 
to rehabilitate and protect corroding steel reinforcement in concrete. Recent 
studies have demonstrated that the protective effects of ICCP do not cease 
immediately after the system is interrupted, but can persist for a period of 
time before corrosion re-initiates. The residual effect is attributed to the 
beneficial effects of ICCP, where chlorides are repelled from the steel and re-
alkalisation of the concrete around it occurs, thereby re-establishing passivity. 
This project looks into the phenomenon of this residual effect and 
investigates how long it lasts and how it varies with current densities and 
duration of ICCP application. A number of parameters including steel 
potentials, depolarisation values, corrosion rates and concrete resistance were 
monitored for salt-contaminated reinforced concrete specimens that were 
subjected to ICCP and subsequently interrupted. Overall the results show 
that residual protection can be achieved by the application of ICCP to 
reinforced concrete structures. The duration and current density of the 
applied current both affect the duration for which this protection will remain.  
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Overview of Chapters 
Chapter 1 - Introduction: Provides an overview of the research project, outlining the 
aims, objectives and research questions 
 
Chapter 2 - Corrosion of Steel in Concrete: The first section of the literature review 
which delivers an introduction to the basics and fundamentals of corrosion in 
concrete. This chapter explains the basics of the corrosion mechanism, influencing 
factors and electrochemical aspects 
 
Chapter 3 - Impressed Current Cathodic Protection (ICCP): The second section of the 
literature review encompasses the mechanism of ICCP in concrete, factors influencing 
its performance, its effects and the phenomenon of residual protection 
 
Chapter 4 - Experimental Design and Methodology: This covers an introduction to the 
monitoring techniques applied in the experiments, how the final experimental design 
was developed and preliminary results from trial testing 
 
Chapter 5 - Results: Discusses the results obtained from the principal experimental 
work, their implications and outcomes in relation to the research questions 
 
Chapter 6 - Conclusions: Summarizes the main findings of this research project 
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1: Introduction 
 
1.1: Background 
The importance of concrete can be understood from the fact that it is the most widely 
used construction material in the world today. Concrete is commonly reinforced using 
steel to enhance its strength and ductility characteristics, however being a metal, it is 
prone to corrosion. The corrosion of steel reinforcement in concrete structures is a 
global problem causing billions of dollars to be spent in repairs and maintenance to 
keep structures in a safe and functional state [1]. Due to the expansive nature of the 
corrosion process, stresses build up as oxides of iron are formed, thereby cracking the 
concrete and causing deterioration. The formation of cracks accelerates the corrosion, 
and leads to loss of steel section and the breakdown of concrete which eventually 
results in an un-safe structure. The seriousness of the problem has driven researchers 
to find solutions to prevent/minimize the corrosion process from occurring. Amongst 
the various approaches developed to tackle this problem, impressed current cathodic 
protection (ICCP) has proven to be an effective method of stopping ongoing corrosion 
and its occurrence in the future. What has been a topic of interest for researchers in 
the recent years is the phenomenon of residual protection offered by ICCP systems 
once they are switched off. This phenomenon can translate into benefits of increased 
service lives exceeding that of the current ICCP systems, as well as potential cost 
savings and more sustainable outcomes.  The methodology has evolved over time as 
other corrosion treatments such as cathodic prevention, chloride-extraction, re-
alkalisation and most recently, hybrid cathodic protection have entered into the 
market, all of which are electrochemical treatments to tackle the problem of corrosion.  
The ICCP system works on the basis of shifting steel potentials to more negative 
values using a DC power supply in order to thermodynamically prevent corrosion 
from occurring. The negative potential repels chloride ions and allows the generation 
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of hydroxyl ions at the steel-concrete interface which leads to an increase in the pH, 
helping restore passivity [2]. Once passivity is achieved, the applied current can be 
reduced to maintenance levels that sustain the passive state. The reduction in the 
current also assists in preserving the operational lifetime of the cathodic protection 
system, reducing the likelihood of acid attack at the anode. While it is good practice to 
reduce the applied current once passivation has been achieved, the applied current is 
maintained to ensure that the requirements stated in Australian Standards (AS 
2832.5)[3] are achieved, although other criteria have been suggested as being the 
controlling factors in the passivity of the steel. Recent research on existing structures 
with ICCP applied has indicated that these systems can provide protection even after 
the CP has stopped operating. A recent study of 10 reinforced concrete crossbeams in 
the UK showed that the steel remained passive up to 2 years after the ICCP was no 
longer being applied [2]. Investigation of the causes of this could have considerable 
benefits for the long term operation of ICCP systems and the initial energising of the 
system. A better understanding of the passivation process can be obtained from 
investigating the causes of residual protection after CP has been switched off which 
could in turn   provide economic benefits, for example, by extending the lifetime of a 
CP system by allowing it to be de-activated (or pulsed) through its operational life and 
to provide a more efficient process for the initial energising of the system and 
achieving passivation.  
1.2: Aims and Objectives 
This research aims to investigate the effectiveness of residual protection of ICCP 
systems in concrete upon current interruption and to establish the conditions required 
to achieve passivation and to sustain it. The objectives include: 
 To develop a suitable experimental design for detecting and monitoring 
residual protection and the effects produced 
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 To gain a greater understanding of the initial operational requirements of 
ICCP systems in order to achieve passivation of the reinforcing steel in 
concrete 
 To assess the long-term operation of ICCP systems and the residual protection 
after they have stopped operating. This is to develop an understanding of the 
factors controlling the passivation and protection of reinforcing steel when 
subjected to cathodic protection. Factors to be considered include the duration 
of residual protection and how it varies with total charge passed and the 
relationship between total charge passed, current density and the residual 
protection  
 To study the effect of chloride content in concrete on cathodic polarisation and 
residual protection after current interruption 
The research questions to be addressed are as follows: 
1) What are the requirements to achieve steel passivation in terms of current 
densities and potentials? 
2) How long does residual protection sustain after depolarisation and before 
corrosion reinitiates?  
3) Does the duration of applied current have an effect on the residual protection 
and can this be investigated by simulating variable durations using quantity of 
total charge as a basis?  
4) What is the effect of using different chloride contents on current requirements 
and residual protection? 
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2: Corrosion of Steel in Concrete 
2.1: Mechanism 
In nature, metals commonly exist as stable ores of oxides, carbonates or sulfides. The 
process of refining and manufacturing metals for their use alters the stability of metals, 
giving the finished product a tendency to return back to its original stable state. This 
process of reversal is what is referred to as ‘corrosion’ [4].  The process of corrosion is 
a form of deterioration, most commonly adressed to metals (although it may apply to 
other materials such as bio and nano-materials), which occurs as a result of either 
chemical or electrochemical reactions with the material’s environment [5]. 
The extent of corrosion depends on the characteristics of a particular metal and on the 
type of environment. For any metal to undergo corrosion, the presence of a corrosion 
cell is essential which permits the transfer of electrons to occur. A corrosion cell 
typically consists of an anode, cathode, electrolyte and a metallic path. Electrons are 
released at the anode (oxidation) which travel through a metallic path to the cathode, 
where they are consumed (reduction). For the circuit to be completed, electrons in the 
form of ions, transfer between the anode and the cathode by the means of an 
electrically conductive solution known as the electrolyte. [6] 
Pore solution in concrete acts as an electrolyte, thus allowing the possibility for the 
formation of a corrosion cell with steel reinforcement. The anodic reaction that takes 
place is the oxidation of iron to its cation, whereby electrons are released. This allows 
the cathodic reaction to proceed wherin a reduction reaction occurs between oxygen 
and water combined with the free electrons to produce hydroxyl ions. Figure2:1 
illustrates the anodic and cathodic reactons that occur which can be written 
respectively as: 
Fe  Fe
2+
 + 2e
-
     (anodic) 
O2 + H2O +4e
- 
 4OH
-
      (cathodic) 
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In basic terms the formation of rust occurs when the products of the two separate 
reactions combine to produce iron (II) hydroxide which when further oxidised forms 
iron (III) hydroxide, as shown in the equation below. Iron (III) hydroxide, upon 
dehydration results in the formation of Fe2O3.nH2O, otherwise commonly reffered to 
as rust. 
Fe
2+
 + 2OH
-
  Fe(OH)2 
4Fe(OH)2 + O2 + 2H2O  4Fe(OH)3 
Fe(OH)3  Fe2O3.nH2O 
However, it should be noted that depending on the conditions, different oxides and 
hydroxides of iron can exist and therefore the composition of rust can vary and 
sometimes be very complex. For example, the main components of rust on carbon 
steel exposed to a marine atmosphere was found to consist of goethite (-FeOOH), 
lepidocrocite (-FeOOH), amorphous oxyhydroxide (-FeOOH) and magnetite 
(Fe3O4) [7].  
 
 
Figure 2:1: Schematic of a corrosion-cell showing anodic and cathodic reactions [8] 
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Concrete pore solution is highly alkaline with a pH ranging between 12.6-14, due to 
the presence of  high concentrations of hydroxides of calcium, potassium and sodium 
arising as a result of the hydration reactions of cement [9].  In this high alkaline 
environment, a thin oxide film (passive film) forms on the surface of reinforcing steel 
which protects it from corroding. The passive film remains stable provided that the 
chemical composition of the pore solution remains unchanged. Depassivation of the 
protective film occurs most commonly by two main mechanisms: chloride attack and 
carbonation. The process of depassivation can be considered as the initiation phase of 
the seminal model introduced by Tutti [10] for the prediction of service lives of 
reinforced concrete structures, as shown in figure 2:2. Once the steel has depassivated, 
it is susceptible to corrosion which when initiated, marks the beginning of the 
propagation phase of the model where the rate of concrete degradation due to 
corrosion rapidly escalates.  
 
Figure 2:2: Tutti’s model showing initiation and propagation phases of concrete service 
life (adapted from Tutti,1982) [10] 
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2.1.1 Chloride attack 
Chloride ions may exist in concrete from the time it was cast as a result of the 
contamination of constitutents such as admixtures, water and aggregates, however 
such cases are relatively uncommon. In most cases, chlorides penetrate concrete from 
the environment either due to it being situated in a marine environment or because of 
the utlisation of deicing salts in countries which experience freezing temperatures. 
Penetration of chloride ions in concrete occurs through different mechanisms, namely 
diffusion and capillary suction and sometimes ion migration (ion movement under the 
influence of an electric field). Diffusion is the dominant mechanism where concrete is 
fully saturated or  submerged, however, in aerial zones or regions exposed to wet/dry 
cycles, capillary absorption may be the dominant mechanism of penetration.  Loss of 
steel passivity from chloride attack occurs by its direct contact with steel surface 
consequently leading to pit formation or localised corrosion. [9, 11]  
Chlorides do not significantly affect concrete pH directly, however once pits are 
formed/nucleated, they can combine with hydrogen ions and form HCl, causing local 
acidification at the pits. The reduction in pH further promotes Fe ion dissolution and 
acidification. Furthermore, chloride ions can combine with Fe
2+
 ions to form FeCl2, 
which acts as a catalyst for the corrosion process, as shown in figure 2:3. [12, 13] 
 
Figure 2:3: Production of FeCl2 and breakdown of passive film [12] 
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2.1.2 Carbonation 
Carbonation occurs when atmospheric carbon dioxide reacts with calcium and alkaline 
hydroxides present in hydrated cement in the presence of moisture (carbonic acid 
formed as an intermediate product when carbon dioxide reacts with water) , producing 
carbonates that result in the lowering of pH of the pore soltuion until values near 
neutrality [9]. The overall reaction can be written as [14]: 
CO2 + Ca(OH)2  CaCO3 + H2O 
Carbonation happens through the process of diffusion and is a relatively slow process. 
Cracks arising from reinforcement corrosion due to carbonation normally do not 
appear before 20 years for a concrete with a cover of 20-25mm, however it should be 
noted that the rate can vary depending on the level of saturation of the concrete, 
permeability of concrete and the availability of CO2. For concrete which is water-
saturated or very dry, the carbonation front cannot progress. Unlike chloride attack, 
the corrosion caused by carbonation is not localized, but rather general and spread 
over large areas of exposed concrete, as seen in figure 2:4. [9] 
 
 
Figure 2:4: Localized and generalized types of corrosion [9] 
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2.2 : Factors Influencing Corrosion in Concrete 
 
The corrosion behaviour of steel in reinforced concrete is dependent on a number of 
factors which may be classed either under material properties or external influences. 
Material properties, as the term suggests, is concerned about the physical and chemical 
properties of the steel and concrete. External influences on corrosion include factors 
such as the aggressiveness of the environment and presence of stray currents.  
2.2.1: Steel Type 
Different steel types have differing microstructures and compositions, as a result of 
which they usually exhibit varying corrosion behaviours in concrete [1]. As an 
example, stainless steel when compared to plain carbon steel, displays a much higher 
resistance to corrosion in concrete. The corrosion rate of stainless steel can be more 
than two orders of magnitude lower than that of plain carbon steel and the tolerable 
chloride content prior to initiation of chloride attack is much higher, with critical 
chloride thresholds reaching up to 8% (depending on grade of stainless steel [15, 16]. 
Another example is pre-stressed steel, which is vulnerable to hydrogen embrittlement 
at very negative potentials on application of ICCP. The bar type (ie, plain/deformed) 
does not appear to have a significant effect  on corrosion behaviour [17], although the 
surface condition of the steel concerning the presence of mill-scale can play a role in 
the corrosion behaviour of steel, where its presence has shown to reduce the protective 
characteristics of steel [18].  
2.2.2: Concrete resistivity 
Research has shown a good correlation between concrete resistivity and corrosion rate, 
being inversely related [19].  Resistivity can be a useful parameter in assessing the 
corrosion tendency of steel in concrete. It is influenced by a wide range of factors. 
Factors such as degree of hydration, cement mix, temperature and humidity play an 
important role in influencing concrete resistivity. 
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2.2.3: Pore solution composition 
The chemical composition of concrete pore solution can affect the corrosion 
characteristics of steel in concrete. Pore solution contains a number of dissolved ions 
as a result of the hydration reactions that occur between water and cementitious 
material, although a fraction of the ions present may be sourced from contaminants 
present in the constituents or from the usage of chemical admixtures. It serves as an 
electrolyte that makes corrosion in concrete possible and largely influences the 
concrete resistivity, which as mentioned, is directly related to the corrosion behaviour 
of steel in concrete. The composition of pore solution is affected by a number of 
factors including cement type, water to cement (w/c) ratio, admixtures and presence of 
contaminants or external species, such as chlorides. The pH of the pore solution plays 
a crucial role in the corrosion of steel in concrete. Apart from facilitating passive film-
formation, high pH values are important for the stability of   C-S-H gel, which will 
determine the microstructural properties of the cement paste. Reduction in pH results 
in decalcification and deterioration of the cement matrix [20].  
2.2.4: Concrete permeability  
This is a property of concrete that may be directly related with its quality, since 
concrete quality/durability is frequently related to its permeability characteristics. The 
term permeability is often used in the broad sense to refer to the general ingress of 
substances into concrete (or any porous material), without reference to any specific 
mode of transport, however it is also used in literature to denote the ingress of a fluid 
through a body specifically under the application of a differential pressure. Irrespective 
of which definition is applied, both relate to the ease of ingress of substances, which 
for a concrete body is crucial in determining its durability characteristics. From a 
corrosion perspective, the concern arises mainly for the ingress of chlorides and 
carbon dioxide which can potentially lead to the depassivation of steel and onset of 
corrosion. It is generally accepted that the permeability of concrete is closely related to 
its porosity, however, to be precise, it more importantly depends on the pore size 
distribution since it has been well established that only pores having diameters larger 
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than a certain value will contribute significantly to permeability by forming 
continuous networks. [21, 22] 
The porosity is an important factor in the determination of permeability, which in 
turn depends on w/c ratio, degree of hydration, packing of particles, plastic cracking 
and use of mineral admixtures [23]. 
2.2.5: Concrete Cover  
The concrete cover is defined as the thickness of concrete from its surface to the 
nearest embedded steel reinforcement. It is the physical barrier protecting steel 
reinforcement from the environment which is why it is important from a corrosion 
perspective. The time taken for aggressive species to ingress into concrete to the steel 
reinforcement largely depends on it as well as its quality. Investigations such as that 
undertaken by Marosszeky et al [24], show that a large number of concrete buildings 
and structures suffer from durability distress directly as a result of inadequate cover. 
Despite the specifications of minimum concrete cover and strength given in building 
standards, it is often found that due to poor workmanship and site supervision, 
concrete covers turn out to be sub-standard resulting in aggressive species reaching the 
steel prematurely. 
2.2.6: Environment   
The agressiveness of the environment in which a concrete structure is situated plays a 
significant role in the corrosion behaviour of the embedded steel. It is owing to the 
environmental influences that the corrosion process is usually initiated. A wide range 
of parameters can be classed under environmental factors, namely: moisture/humidity, 
temperature, oxygen availability and ingress of deleterious substances. The initial 
moisture content in concrete is dependent on the total mix water used, and is 
subjected to change over time due to hydration and drying, the latter depending on 
the relative humdity and temperature of the environment. Moisture, or water, is a 
crucial substance for the corrosion reaction to occur, in the absence of which the 
reaction cannot proceed. Furthermore, moisture influences the electrical resistivity of 
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concrete which is a parameter shown to be closely related to the corrosion rate and an 
effective indicator of corrosion risk.  
Temperature has shown to influence the corrosion rate of steel in concrete. The 
chemical kinetics of  the corrosion reaction increases with temperature which entails a 
rise in corrosion rate.  As a general rule, it is possible for the corrosion rate to double 
by an increase of 10ºC [25]. Maslehuddin et al [26] had shown that the concrete 
chemistry was also influenced by temperature. He concluded that temperature 
considerably influenced the chloride-binding capacity of cements, having observed that 
the concentration of chlorides in pore solution increased when temperature was raised 
above 55ºC.  
Oxygen being an important element in the corrosion reaction can become a rate- 
limiting factor depending on its availability. In environments where oxygen is 
defficient, for instance in submerged conditions - the corrosion reaction is hindered, 
despite the abundance of water and even possibly salts in the case of seawater. Thus, 
the ideal condition for corrosion requires a balance of all the necessary elements, 
which explains why the splash zones of marine structures have  higher corrosion rates 
than that of the submerged zones. Corrosion rates are seen to rapidly increase with 
internal relative humidity of concrete up to 95%, following which the corrosion rates 
drop to almost zero, due to saturation and thus oxygen starvation [14]. 
2.2.7: Electrical Currents 
Presence of electrical current from external sources can greatly influence the corrosion 
behaviour of steel in concrete. Infact, it is the basis on which cathodic protection 
functions. Unlike controlled currents imposed in case of CP systems to protect steel, 
stray currents often have adverse effects by accelerating corrosion. Stray currents may 
either be DC or AC, depending on the source, with DC known to be much more 
dangerous. Sources of undesirable currents include electrified railways, power 
transmission lines, presence of disimmilar metals, potential differences produced by 
varying environments (eg: in patch-repaired concrete) and even other CP systems. 
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Stray currents have a tendency to enter a metallic element at a certain location and 
leave it at another. It is where the current leaves, severe corrosion is likely to occur. 
[14, 27] 
2.3: Critical Chloride Treshold 
Chlorides in concrete exist in two forms[1]: 
 Free chlorides dissolved in pore solution 
 Bound chlorides absorbed on cement gel or combined with hydrated cement or 
aggregates 
Free chlorides are known to directly influence corrosion of steel whereas the bound 
chlorides behave inertly to steel before they dissolve into pore solution and become 
free chlorides. Different percentages of the the two forms of chlorides have been 
suggested to exist in concrete. According to Gaynor [28], about 40-50% of the total 
chloride in concrete is bound. Several factors including binder type, degree of 
hydration, amount of pore solution and concentration of ions such as hydroxide ions 
are said to affect the relationship between free and bound chlorides which is believed 
to be in a state of equilibrium [1]. There have been many published research papers 
which have proposed a certain ‘chloride treshold’ below which the corrosion of steel 
does not initiate, however quite a wide range of results exist. As an example among 
many that may be stated, Glass and Buenfeld [29] concluded from their investigations 
a range of between 0.17-2.5% of chloride by mass of cement whereas Locke and Siman 
[30] suggested a range of 0.4-0.8%. Other researchers described a treshold in terms of 
Cl
-
/OH
- 
ratio on the logic that these two ions have counter effects which influence the 
passive film. According to Diamond [31], this value is approximately 0.3. The reality 
of the matter  is that there is no one fixed treshold value as this is dependant on a 
number of factors which makes it very unlikely for two different concrete specimens to 
have the same value. Glass and Buenfeld [29] report that the presence of entrapped air 
at the steel-concrete interface appears to be the most important factor controlling 
corrosion initiation and is probably the reason for such variations in reported 
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thresholds. Hansson and Sørensen [32], from their findings showed that the onset of 
corrosion was more dependant on cement type, w/c ratio and curing conditions 
(which reflect on the electrical resistance of concrete), than the concentration of 
chlorides.  
2.4: Electrochemical Aspects 
2.3.1 Pourbaix diagrams  
Very few metals, such as platinum and gold, are found to be stable in most conditions. 
All other metals lose their stability under certain conditions to shift to a more stable 
state. It was found that corrosion of any metal in an aqueous solution is highly 
dependent on the potential of the metal and the pH of its solution. M.Pourbaix 
devised a method of describing the electrochemical and corrosion behaviour of a metal 
in water using potential-pH diagrams, known as Pourbaix diagrams. These diagrams 
map out the regions of thermodynamic stability of the possible phases in an 
electrochemical system, which can be useful in the corrosion engineering perspective 
to identify the potential-pH domains where corrosion does not occur, ie, where the 
metal exists as a stable phase. [5]  
Figure 2:5 shows the Pourbaix diagram for iron in chloride-free aqueous solution at 
25ºC.  The figure can be divided into three distinct regions where iron or its chemical 
compounds are stable. In the passive zone, the anodic reaction in the presence of 
oxygen results in the oxidation of Fe to either Fe2O3 or Fe3O4; oxides known to 
provide a protective effect, referred earlier to as the passive film.   Reinforcement steel 
in uncontaminated concrete typically has a potential ranging between 118-218 mV 
(SHE) and is surrounded by pore solution having a pH of about 12.5-13.5, 
corresponding to the passive zone in the Pourbaix diagram. The two shaded regions 
correspond to the domains where corrosion occurs. For the shaded region below pH 
10, the corrosion products are Fe
2+
 or Fe
3+
 ions whereas for the region above pH 12.5, 
the products are complex iron ions. The zone of immunity is where the corrosion rate 
of Fe can be regarded as nil (insignificant). The area between the dotted lines a and b 
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represent the domain where water is stable whereas in the area below a and above b, 
hydrogen and oxygen evolution occur respectively.  [33, 34]  
 
Figure 2.5: Pourbaix diagram of iron in uncontaminated aqueous solution [33] 
 
When chlorides are introduced into the solution, the Pourbaix diagram is altered, 
which implies that the domains also change. The passive zone becomes narrower and 
the domain for general corrosion becomes larger. Figure 2:6 shows the modified 
Pourbaix diagram for iron in an aqueous solution containing 355 parts per million 
(ppm) Cl
-
. One of the fundamental differences between the two Pourbaix diagrams is 
that the passivation zone becomes significantly smaller in the case of chloride solution 
and is divided into perfect and imperfect passivation. Furthermore, a zone of pitting 
corrosion is also seen to exist in the presence of chlorides.   
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Figure 2.6: Pourbaix diagram for iron in aqueous solution with chlorides [33] 
 
2.3.2 Polarization 
The rate at which anodic and cathodic reactions occur in an electrochemical system, 
depends on the electric potential of the anodes and cathodes. When a system is in a 
stable state, a passage of current results in the shift of potentials, with anodic areas 
becoming more cathodic and cathodic areas becoming more anodic [35]. This change 
in potential caused by a current flow is termed ‘polarization’. Physically, polarization 
occurs due to the build-up of ion concentration at the metal surface. It should be 
noted that potential and current flow are inter-dependent, ie, a change in one will 
affect the other.  
By applying a range of voltages, corresponding anodic and cathodic current responses 
can be recorded to form a plot known as the polarization curve. Figure 2:7 shows a 
schematic of a potentiodynamic polarization of a passivating metal, with its 
explanation summarised below [36]: 
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 Eoc is the open circuit potential or equilibrium potential, where the anodic and 
cathodic reactions are balanced 
 Using a potentiostat, the potential of a metal can be forced out of its state of 
equilibrium to more positive or negative values. B-C shows the resultant 
positive net current flow when the potential is increased. This is caused by 
increased rate of anodic reaction (eg: FeFe
2+
 + 2e
-
) 
 B-A shows the increased rate of cathodic reaction (eg: Fe
2+
 + 2e
-
Fe) as a result 
of reducing potential to more negative values from Eoc  
 Point C marks the passivating potential Epp. The current density (corrosion 
rate) reaches a maximum up till this point, beyond which it decreases due to 
the formation of a passive film 
 D-E is the passive region, where a low corrosion rate is maintained 
 Point E marks the critical pitting potential Ec, above which the passive film 
starts to break down and pitting initiates 
 
 
Figure 2.7: Schematic of potentiodynamic polarization of a passivating metal [36] 
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Polarization curves are useful in describing corrosion behaviour of a metal. The 
determination of polarization curves for steel in concrete is much more complicated 
than steel in an aqueous solution, largely due to the slow diffusion phenomenon in 
concrete. For this reason, curves are often derived using simulated pore solutions. For 
uncontaminated concrete, the anodic polarisation curve is shown in figure 2:8.  For 
potentials more positive than -1000mV, iron has a tendency to oxidise, whereas for 
potentials below -1000mV, it is in a state of immunity. This can be compared to the 
Pourbaix diagram in figure 2:5 for the pH domain between pH 12.5 and 13.5 for 
uncontaminated concrete. Between -800mV and +600mV, the anodic current is low ( 
0.1mA/m
2
) due to passivation.  In the zone of transpassivity which occurs above 
approximately +600mV, oxygen evolution may occur (corresponding to zone above 
line b in the Pourbaix diagram) with the release of H+ ions, thereby producing acidity. 
These conditions can only be achieved by the means of external polarization. The 
presence of chlorides influences the polarization curve, with increasing chloride levels 
resulting in the reduction of the passivity zone since the pitting/breakdown potential 
decreases. [14, 37]  
 
Figure2:8: Typical anodic polarization curve for steel in uncontaminated concrete [14] 
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Although a range of cathodic reactions exist which can occur during corrosion of a 
metal, the most common is the reduction of oxygen. Figure 2:9 shows the cathodic 
polarization curves of steel in semi-dry, wet and saturated concrete (a-c respectively). It 
is seen that the current density decreases with moisture content/humidity for a given 
potential. This is due to the dependency of the cathodic process on the availability of 
oxygen at the steel-concrete interface. Due to the low insolubility of oxygen in aqueous 
solutions, the amount of oxygen becomes restricted as the concrete becomes saturated 
and can lead to cathodic control, where the amount of oxygen available for reaction 
becomes the rate determining factor. In contrast, anodic control is where the anodic 
reaction (metal dissolution) becomes restricted and turns out to be the rate 
determining factor which can happen as a result of passive film formation, despite 
aerated conditions. [14, 38] 
For fully saturated scenarios, potentials can reach very negative values, typically 
around the -900mV mark, however they have small current densities, as seen in curve 
c [39]. The corrosion product in such conditions is magnetite (Fe3O4), a black product 
rather than hematite (Fe2O3), a typical reddish-brown product found under aerated 
conditions. The formation of magnetite, compared to hematite, imposes a lower 
bursting pressure on concrete due to its smaller volume and therefore concrete 
cracking is restricted [40]. As a result, signs of corrosion may not be apparent from 
visual inspection, although section loss of steel still occurs due to pitting. 
 
 
20 
 
 
Figure 2:9: Cathodic polarization curve for steel in  a) semi-dry  b) wet  c) saturated 
concrete [14] 
 
When neglecting the ohmic drop, the intersection of anodic and cathodic polarization 
curves indicate the corrosion current/rate (Icorr) and the corrosion potential (Ecorr), as 
shown in figure 2:10. The point of intersection corresponds to the condition of 
electroneutrality, where the anodic current equals to the cathodic current. In other 
words, the electrons released by the anodic reactions are consumed proportionately by 
the cathodic reactions, to achieve kinetic equilibrium. This follows the law of 
conservation of charge, which implies that there can be no net accumlation of electic 
charge during an electrochemical reaction. [14] 
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Figure 2:10: Corrosion potential shown as the intersection of anodic and cathodic 
polarization curves [14] 
2.3.3 Theory of passivity 
A metal is said to be passive when it displays a low rate of corrosion despite it being 
active in the EMF series. Passivity has been defined by Revie and Uhlig [5] as two 
types: 
Type 1: “A metal is passive if it substantially resists corrosion in a given environment 
resulting from marked anodic polarization”. 
Type 2: “A metal is passive if it substantially resists corrosion in a given environment 
despite a marked thermodynamic tendency to react”. 
Type 1 form of passivity corresponds to low corrosion rates at noble potentials 
whereas type 2 corresponds to low corrosion rates at active potentials. Examples of 
type 1 passivity are nickel, chromium, titanium and iron in oxidizing environments 
which exhibit anodic polarization behaviour similar to that shown in figure 2:7, where 
a distinct passive zone exists. Examples of type 2 passivity are lead in sulphuric acid 
and iron in inhibited pickling acid, which exhibit low corrosion rates despite high 
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tendencies to corrode. Furthermore when made the anode of a corrosion cell, they do 
not exhibit any pronounced polarization. [5] 
The exact nature, structure and formation of passive films is a complicated topic which 
has been studied extensively by many researchers and has led to several hypothesis. 
Two prominent theories exist with regards to the structure of the passive film [5, 41]; 
(i) oxide-film theory and (ii) adsorption theory. The first holds that the passive film is 
a layer of reaction products (metal oxide or other compounds) which acts as a physical 
diffusion-barrier that separates the metal from its environment, decreasing the reaction 
rate. It is established that type 2 form of passivity works on this mechanism as it 
involves the formation of a kind of corrosion product film on the metal surface, which 
inhibits further reaction. The second theory postulates that passivity arises from a 
chemisorbed film of O2 which displaces the normally absorbed H2O film, decreasing 
the anodic dissolution rate involving hydration of metal ions. Burstein [42] argues that 
the necessity of O2 as an adsorbed layer for passivity is not tenable since passivity of 
metals can be achieved readily with alternative oxidising agents or with an applied 
potential in the absence of dissolved O2 (or other oxidizing agents).  
When a metal is oxidised, metal ions may either enter the surrounding solution phase 
(active corrosion) or may remain on the metal surface to form a new solid phase 
(passive film). In real situations however, metal ions despite dissolving, may not be 
very soluble or may not be able to be transported away from the surface very quickly, 
resulting in surface deposition as an oxide or insoluble salt. Often these cases are not 
passivating as the insoluble corrosion product is deposited as a poorly adherent and 
loose crystalline substance (for example, rust). Oxide films which are passivating are 
normally formed when they are generated directly on the metal surface without going 
into solution first. Although the exact structure of the passive film remains 
contentious, it can be said that they are coherent and continuous and typically have a 
thickness of only 1-10nm.  The composition of the passive film on iron is variously 
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determined to be Fe3O4, -Fe2O3 or FeOOH, depending on the conditions under 
which it is formed. [42] 
The passive film formed on steel reinforcement in concrete under alkaline conditions 
is an oxide film of iron which provides a physical barrier that inhibits corrosion from 
occurring. The corrosion rate of passive steel reinforcement is reported to be of the 
order of 0.1 to 1 µm/year [43]. According to the work carried out by Khan [44], the 
passive layer does not form immediately when steel is cast in concrete but can rather  
take considerable amount of time depending on exposure conditions. When concrete 
was immersed in water right after casting, results indicated that the passive film was 
unable to form due to the restriction of oxygen supply. It was also suggested that the 
passive film may take a significant time to form even if the concrete is not completely 
immersed in water.  
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3: Impressed Current Cathodic Protection  
3.1: History of Cathodic Protection and its Theory 
Cathodic protection (CP) was first developed by Sir Humphry Davy in 1824, where he 
discovered that metals such as iron, zinc and tin could be used to protect copper, 
when in contact with the latter. His discovery was made with the motive to find a 
solution of protecting corrosion of ship-hulls plated with copper. However, the 
protection of copper against corrosion brought with it the problem of marine fouling 
(as copper corrosion produces a poisonous film which hinders biofouling), which 
proved to impede the ships’ performance. Thus, his experiments were later abandoned, 
however his findings laid the basis for subsequent development and application of CP. 
In the 1890s, the first application of impressed current cathodic protection was made 
by Thomas Edison, where he developed the system to protect ship hulls. During the 
1920s, steel pipelines in North America were treated with CP and its success led to its 
popularity and diversification of its application. In 1959, use of ICCP in reinforced 
concrete was trialled by Richard Stratfull who applied ICCP to a bridgedeck suffering 
from chloride-induced corrosion. Thereafter, its application in reinforced concrete 
became widespread. [40]  
Cathodic protection is a unique technique of corrosion control amongst all other 
methods as it is possible to stop corrosion completely and to control the level of 
protection as required. CP works on the basic principle where electrons are supplied 
from an external anode to the metal intended for protection, transforming it into the 
cathode (negatively polarised). In other words, electrons from an external anode 
substitute for the electrons that would have otherwise been lost from the oxidation of 
the metal through the anodic reaction, thus preventing corrosion.  
More technically speaking, the mechanism of ICCP works on the application of an 
external direct current which polarizes the surface of the metal to be protected to the 
thermodynamic potential of the anode, ie, the surface reaches equipotential with the 
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anode. As a result, corrosion current is prevented from flowing, thus stopping the 
metal from corroding [5]. This can be better understood graphically from figure 3:1, 
which shows a theoretical anodic and cathodic polarisation graph. In order to shift the 
potential from Ecorr to E’, an external current equal to [I’c]-I’a must be supplied. To 
shift the potential to Ea, where the net anodic current is zero (metal dissolution is 
zero), then similarly, an external current equal to [I”c] should be supplied to balance 
the cathodic reaction and maintain the potential at this point [45].  
 
Figure 3:1: Cathodic polarization by application of external current [45] 
 
3.2: Types of Cathodic Protection 
Traditionally, CP existed as two types: Galvanic and impressed current, although a 
third (a combination of the two) known as the hybrid system has recently come into 
use. The fundamental difference between galvanic and impressed current system lies in 
how the electrons are supplied from the anode. For galvanic CP, anodes used are 
metals/alloys which are connected to the metal to be protected either by direct surface 
mounting or through wiring (as illustrated in figure 3:2a). The anodes are inherently 
more active in its electrochemical potential (more negative in the EMF series) than the 
protected metal therefore causing electrons to flow under the natural electrochemical 
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potential difference that exists. The anode is consumed over time, ‘sacrificing’ itself in 
preference to the protected structure (hence also known as ‘sacrificial protection’), 
subsequently requiring replacement at certain intervals. Impressed current cathodic 
protection (ICCP) on the other hand, does not rely on the natural electrochemical 
potential difference for driving the electrons; rather, it uses an external power supply, 
usually a transformer rectifier which converts alternating current from the power grid 
to a direct current, ‘pumping’ electrons from the anode to the cathode. Alternatively, 
other D.C power sources such as solar panels and batteries can be used when 
appropriate. Unlike galvanic anodes, the anodes used for ICCP are usually inert and 
designed not to be consumed through its usage (eg: titanium anode, as illustrated in 
figure 3:2b). ICCP is ideally used for large structures where galvanic CP would not be 
able to economically provide a sufficient level of current to ensure full protection.  
Hybrid systems are, as the name suggests, application of both impressed current and 
galvanic CP. It involves an initial brief re-alkalisation process of local pits on the 
surface of the steel bar by impressing a current off galvanic anodes, followed by low 
maintenance galvanic protection (without power supply) to sustain the protective 
effects [13]. This system has the benefit of improved effectiveness over galvanic 
protection on its own. Since hybrid CP is relatively new in its application, their 
protection criteria and service lives are subjects of on-going research. 
 
Figure 3:2: a) Galvanic anode attached to reinforcement cage [46]  b) Titanium ribbon 
mesh anode for ICCP [47] 
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3.3: ICCP in Concrete  
Concrete is a highly heterogeneous porous material consisting of coarse and fine 
aggregates bound by hydrated cement paste. The resistivity of concrete, which can 
reach up to 20,000 Ωcm is very high when compared to other media (for eg: seawater 
has a resistivity of 30Ωcm) [48]. ICCP is widely used in concrete as it can deliver 
relatively high voltages compared to galvanic protection using surface-mounted 
anodes.  As for any ICCP application, the protected metal and anode both need to be 
in contact through an electrolytic medium to allow the passage and distribution of 
current/charges. Despite concrete having a high electrical resistance, it is able to pass 
charges through it due to the presence of pore solution which acts as the electrolyte.  
The basic components of an ICCP system in reinforced concrete are illustrated in 
figure 3:3. The steel reinforcement is connected to the negative terminal of a power 
supply whereas the positive terminal is connected to an anode material. A real system 
in practical applications will normally include a number of other components such as 
electronic control units, junction boxes and monitoring equipment.  
 
Figure 3:3: Diagram of the basic components of an ICCP system in concrete [49] 
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For new reinforced concrete structures in which steel is still in its passive state, the 
application of ICCP is termed ‘cathodic prevention’ where corrosion initiation is 
prevented, whereas for existing structures which are already corroding, the application 
of ICCP is termed ‘cathodic protection’ where further corrosion of steel is prevented 
or reduced. Figure 3:4 shows the corrosion behaviour of steel in concrete for the 
different domains defined in terms of potential and chloride contents. The arrows on 
the diagram indicate the following [50]:  
 Cathodic prevention (123): Steel is initially passive and on the application 
of ICCP, the potential is lowered. When chlorides ingress into the concrete and 
reach the reinforcement, it shifts into the imperfect passivity zone where pitting 
does not initiate, but may propagate if initiated.  
 Cathodic protection to restore passivity (45): Steel lies in the corrosion zone 
where pit formation and propagation occurs. Using ICCP, this is shifted to the 
zone of passivity, where pitting cannot further propagate nor initiate. The 
potential required to achieve this is more negative than that required for 
imperfect passivity which means a higher protection current is required under 
the same circumstances. However, with the restoration of passivity and 
reduction of chlorides near the steel, the current may be lowered subsequently. 
 Cathodic protection to reduce corrosion (46): Corrosion rate is reduced by 
shifting into the imperfect passivity zone. Since passivity is not entirely 
achieved, the current requirements generally do not decrease with time. 
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Figure 3:4: Steel behaviour in concrete as a function of chloride content [50] 
When the potential is lowered to zone D, corrosion is thermodynamically impossible 
to occur, thus preventing corrosion. This forms the basis of the traditional -850mV 
protection criteria.  In concrete, protective effects of CP can be divided into two: 
immediate and long-term effects. The immediate effect is the reduction of corrosion 
rate offered by the negative potential shift and the long-term effect is the persistent 
protection associated with steel re-passivation resulting from transformation of the 
concrete environment, as discussed further in detail section 3.4 [51].  
3.4: Effects of ICCP application in Concrete 
The application of ICCP in concrete not only arrests/reduces corrosion of embedded 
steel reinforcement but also repels chloride ions away from the steel and produces 
hydroxyl ions that help restore concrete alkalinity near the steel. This results in the 
increase of the [OH
-
]/[Cl
-
] ratio that helps restore passivity. Moreover, availability of 
oxygen is reduced through oxygen reduction, while the production of adsorbed free 
radicals and metal oxide intermediates on the steel surface favour passive film 
formation. These effects help rehabilitate and transform the local environment around 
the steel, which facilitates the reduction in protection current requirements and gives 
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rise to sustained protective effects for a time after CP is interrupted (residual 
protection). [50-52] 
Chloride ions exist as negative charges and are repelled by the similarly charged steel 
reinforcement. Chloride ions, like other ions, are charge carriers that participate in 
carrying current in an electrolytic medium. Studies conducted by Ali et al [53] have 
shown that the concentration of chloride ions near the steel decreases with higher 
current densities as shown in figure 3:5 and concentration of positively charged cations 
such as Na
+
, K
+
 and Ca
++
 increase. It was also found that concrete with higher 
admixed NaCl content showed relatively lower percentage of reduction in chloride 
concentration (on application of CP), possibly due to greater availability of Na
+
 cations 
to partake in carrying the current. The decrease in chloride concentration is also a 
function of CP duration as shown by Bertolini et al [54].  
 
Figure 3:5: Variation of chloride content near steel surface, with current density [53] 
 
Although ICCP has many benefits in its application, it can cause certain problems if it 
is uncontrolled or appropriate preventive measures are not taken.  
The production of acid around anodes in concrete is a well-known side-effect of ICCP 
application in concrete. In chloride-contaminated concrete, the oxidation reaction of 
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the anodes can lead to the formation of chlorine gas, hydrochloric acid and 
hypochlorous acid, which can consume the anode and lead to deterioration of concrete 
around it. This occurs when high anode current densities are experienced, for 
example, during rapid initial energizing of an ICCP system. For this reason, it is 
recommended by codes of practice to adopt a slow energization using acceptable levels 
of current. [39] 
Amongst the negative effects of ICCP application in reinforced concrete is the risk of 
degradation of steel bond-strength. Studies [55] have shown that bond-strength 
decreases with higher current density and polarization time. It was also shown that an 
increase in the chloride (NaCl) content reduced bond-strength in ICCP applications 
[56]. However, typical values of current densities used in practical scenarios (10-
30mA/m
2
) do not cause loss of bond-strength to an extent that would cause concern. 
The reduction in bond-strength is attributed to the softening effects of concrete caused 
by the formation of soluble silicates near the steel resulting from the interaction of 
alkali hydroxides formed by cations (such as K
+
 and Na
+
) with calcium silicate hydrate 
in cement. [56] 
Another issue is the increase in alkalinity of concrete in the vicinity of the steel which 
may pose a risk of alkali silica reaction (ASR) in the presence of reactive aggregates. 
ASR is a deleterious process which occurs when reactive aggregates containing certain 
forms of silica chemically react with alkalis present in the pore solution phase of 
hydrated cement [57]. The product of the reaction is a type of gel which expands by 
absorbing water leading to concrete cracking. ASR is normally controlled by limiting 
the alkaline components of cements, namely NaOH and KOH, however the local 
generation of hydroxyl ions by ICCP application might enhance the risk of ASR. 
Laboratory experiments [58] indicate that concrete specimens with reactive aggregates 
had well-developed cracks in concrete near the cathodically protected steel, but not for 
control specimens prepared using non-reactive aggregates. However, the tests were run 
at relatively high current densities which varied approximately between 50-350 
mA/m
2
. Having said that, it was reported that application of ICCP in some old 
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structures found to have active ASR or the potential for ASR, did not yield any 
evidence of generating or exacerbating ASR [40]. This suggests that the effect of ICCP 
on ASR becomes considerable only in cases where applied current densities are much 
higher than those typically used in practice. 
Furthermore, ICCP can lead to hydrogen embrittlement of steel reinforcement in 
concrete, especially prestressed steel, given that it is sufficiently cathodically polarized 
to very negative values. For steel in concrete, the predominant cathodic reaction is 
normally the reduction of O2, however, a second cathodic reaction may occur 
involving the reduction of water, provided that the potential is lowered below the 
hydrogen potential [59]: 
H2O + e
- 
 Hads + OH
- 
The adsorbed hydrogen atoms can further react to produce hydrogen gas or may 
dissolve into the metal: 
Hads + Hads  H2 
HadsHdis 
Although the hydrogen potential is not fixed - on account of its dependency on a 
number of variables; a potential more positive than -900mV is generally regarded to 
have a low risk of hydrogen embrittlement for prestressed steel in concrete [50]. The 
atomic hydrogen formed can either combine to form hydrogen gas or can ingress into 
the steel and can adversely influence its mechanical properties and lead to brittle 
fracture, with higher-strength steel being more susceptible to this form of failure [59].  
It is seen from the above that ICCP-related problems/side-effects only become 
considerable and of concern when the current/potential levels are too high which is 
why codes of practice state limiting values which factor in the effects discussed above.  
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3.5: Anode types  
A number of different anode types are used for ICCP systems. The choice of anode is 
made according to circumstances and requirements, keeping in mind factors such as 
performance, costs, operating life, resilience/durability and ease of installation. Anodic 
materials can be broadly divided into consumable (eg: zinc and aluminium), semi-
consumable (eg: graphite and silicon cast iron) and inert (eg: platinized titanium and 
mixed metal oxides [MMO]) anodes, with each type differing in their consumption 
rates. Inert anodes are used for ICCP for their chemical stability and small 
overpotential and negligible consumption rates (measured in milligrams per year). 
Appendix A provides a summary of commonly used anode types for ICCP systems in 
concrete. 
 
3.6: Current distribution and throwing power 
During the design of a CP system, the current distribution is an important design 
parameter needed to be addressed for determining the number of anodes, their spacing 
and the output current density required. A number of factors influence how the 
current is distributed. With increasing distance from the anode, the protective current 
attenuates due to ohmic interference in the concrete, resulting in non-uniform 
distribution over the surface of steel reinforcement. Moreover, uneven current 
distribution can also result from irregularities present in concrete, such as aggregates 
and voids. Anode systems therefore require careful design consideration to ensure 
sufficient current is provided to all parts of the steel reinforcement, including inner 
layers, to achieve an appropriate level for protection while avoiding overprotection of 
areas close to the anode(s). 
Physically investigating and quantifying current distribution and how it is influenced 
by various parameters is a very difficult task. However, computer simulations can help 
with predictions, although they may not be an accurate representation of what 
happens in reality. Masuda et al [60] applied a numerical analysis technique using 
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finite element modelling to study the behaviour of current distribution in concrete and 
how it varies with a range of parameters. A number of results including the effects of 
polarization resistance, neighbouring steel, anode distance and conductivity on current 
distribution over steel area, amongst others, were obtained from their analysis.  
Figure 3:6a shows the distribution of cathodic current on the surface of a steel bar at 
different positions (along its circumference) and the effect of polarization resistance 
(electrochemical reaction resistance on electrode surface) on it. The y-axis shows the 
ratio of the local current density (at each point) to the mean current density over the 
total surface area. This parameter is used to describe current distribution/variation. 
The x-axis shows the distance along the circumference of the bar in millimetres, with 
the side of the bar facing away from the anode (ie, furthest) located at approximately 
15mm. It is observed that the increase in polarization resistance results in a more 
uniform current distribution. The explanation offered is that since electrical resistance 
is a combination of polarization resistance and conduction resistance (modelled as a 
series connection), an increase in polarization resistance will bring about a decrease in 
conduction resistance allowing a more uniform distribution of current. For example, 
presence of mill scale on the steel surface will increase the polarization resistance, 
giving the current a more uniform spread. Figure 3:6b shows the current distribution 
for multi-layered reinforcing steel, for three steel bars of 10mm diameter embedded at 
50, 100 and 150 mm depth from concrete surface (and anode). Although the current 
density decreases with depth, the current distribution is seen to become more uniform. 
It was concluded that presence of neighbouring steel results in the cathodic current to 
‘branch out’ with greater level of disorder in distribution for closer neighbouring steel.     
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Figure 3:6: Variation of current density ratio on surface of steel for  a) different 
polarization resistance values b) different depths from surface [60] 
Figure 3:7a a shows the current distribution, expressed as a ratio of minimum current 
density to the maximum current density on the steel surface, as the distance from the 
anode is varied. The results show that the current distribution over the total area of 
the bar also becomes more uniform with increasing distance, thus supporting the 
results shown on figure 3:6b. Figure 3:7b illustrates the effect of conductivity on 
current distribution. The results show the change in current distribution along the 
length of the bar as the point is moved from a zone of low conductivity (denoted by 
σ) to a zone of higher conductivity (σ0). As one would expect, it is seen that the 
current density is lower on the bar in the zone of higher conductivity. This reiterates 
the points mentioned earlier regarding current attenuation due to ohmic effects.  
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Figure 3:7 a) Current distribution as a function of distance from anode   b) Effect of 
conductivity on current distribution on steel surface [60] 
When it comes to current distribution, the term ‘throwing power’ is often 
encountered. Generally, throwing power describes the extent to which current is 
transferred over a distance from the anode, in which case, it is mainly a function of 
concrete resistance, applied current and anode efficiency. However, the term throwing 
power has also been used in literature to include the capability to polarise the 
protected metal. Radaelli et al [61] defined throwing power in their work as ‘the 
distance from the anode where a 4h decay of at least 100mV was obtained’. Therefore 
according to their definition, throwing power also depended on the corrosion state of 
reinforcement since they are inter-related. Their study investigated the feasibility of 
using localised anodes using both impressed current and galvanic CP to protect steel 
reinforcement in slender carbonated concrete elements and in particular, studied how 
the throwing power changes with CP system and exposure conditions. Results show 
that linear trends were obtained for throwing power versus current density for ICCP 
and that the single data points obtained from the galvanic system (as current density is 
self-regulatory and cannot be controlled) fit in place with the linear relationship. Two 
exposure conditions were used; wet and dry.  It is observed that for dry concrete, the 
current required to produce the same throwing power (measured as a distance) is less 
than for wet concrete. The results do not conform completely to what was established 
earlier regarding current attenuation due to ohmic effects, which would suggest a 
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higher current requirement to overcome higher concrete resistance to produce the 
same polarisation as in wet concrete. The explanation offered was that due to lower 
corrosion activity in dry concrete, less current was required to polarize the steel as 
opposed to the wet concrete where corrosion was active. This behaviour suggests that 
the corrosion state plays a significant role in determining polarisation and throwing 
power.  The influence of corrosion state on polarisation and throwing power is also 
confirmed by the results obtained by Bertolini et al [50]. 
It has been established that current is non-uniformly distributed across the surface of 
the steel reinforcement which implies that no specific value of current density can be 
used to accurately describe the level of protection current being received over the total 
steel area. Nevertheless, in practice, average values of current densities are commonly 
reported for individual concrete zones which are acceptable as an estimate. With 
regards to the relationship between current density and depolarization, a linear 
trendline was found to exist from measurements taken of different zones (with 
different applied current densities) of a reinforced concrete cargo-wharf from a port in 
Portugal, as shown in Figure 3:10 [62].  
 
 
Figure 3:8: Mean depolarization as a function of current density for a wharf structure 
[62] 
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3.7: Polarization of steel in concrete 
As mentioned earlier (section 3.6), polarization and subsequently current requirement 
is largely a function of corrosion state. A number of experiments have shown that 
passive steel bars are more easily polarised by protective currents when compared to 
active bars. In other words, a larger current is required to produce the same degree of 
polarisation in an active bar than a passive one. Figure 3:9a shows a cathodic 
polarization curves obtained by interpolation of experimental data for steel bars in 
uncontaminated concrete (passive) and chloride-contaminated concrete (corroding). 
Similarly, figure 3:9b shows a number of simulated cathodic polarization curves for 
different initial corrosion rates and chloride contents.  It is seen that up until a certain 
point, the potential of corroding steel remains almost constant on the application of 
current. On increasing the current density beyond that point, the potential begins to 
shift drastically to more negative values. This point in the polarisation diagram is 
speculated to be where the anodic corrosion reaction on the steel surface is overcome 
and corrosion rates become negligible [63]. This marks the beginning of the Tafel 
segment and has been used as a protection criterion. 
 
 
Figure 3:9: Cathodic polarization curve for a) passive and corroding steel [64] b) 
different chloride contents and corrosion rates [63] 
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3.8: Protection Criteria 
The topic of using a standard criterion to assess the achievement of adequate 
protection by ICCP has been a controversial one. A number of different criteria have 
been proposed, each one having its drawbacks and limitations. Regardless of the 
criterion adopted, the following basic requirements should be ensured when 
commissioning or adjusting an ICCP system [39]: 
 The current density should be sufficient to overcome anodic reactions and stop, 
or considerably reduce the corrosion rate 
 The current should be maintained at values low enough to minimize risk of 
acidification around anode and the attack on anodes for those that are 
consumable 
 Current densities should not result in potentials that exceed hydrogen 
evolution potential, especially for prestressed steel 
According to the original version of NACE RP0169 [65], the following criteria were 
listed for buried/submerged steel and cast iron structures:  
 Polarization to a potential of -850 mV potential against a Cu/CuSO4 reference 
electrode  
 A minimum of 100 mV polarization (determined by depolarization/decay)  
 Voltage shift by 300 mV  
 A voltage at least equal to that corresponding to the beginning of the linear 
segment (Tafel segment) of an E-LogI curve 
 Measurement of a net protective current (ensuring current flow in single 
direction from electrolyte to structure) 
Up until 1983, all the above criteria with the exception of the last criteria (net 
protective current) were still acceptable methods. After 1992, the acceptable criteria 
were the first two (-850mV polarization and 100mV depolarization), although some 
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revisions were made regarding procedures, such as elimination of IR drops during 
potential measurements (instant off). [66] 
The term ‘instant-off potential’ refers to the potential of the steel structure measured 
immediately after current interruption, typically within a fraction of a second. This is 
said to represent the potential without the IR drop arising from the resistance of the 
environment. Figure 3:10 shows the depolarization as being the instant-off potential 
subtracted from the final potential value.   
 
 
Figure 3:10: Typical depolarization curve indicating depolarization value (adopted 
from NACE, 2007) [67] 
Although the criteria mentioned above were for steel buried in soil, similar criteria 
have been used in reinforced concrete, some of which have been later considered 
unsuitable. For atmospherically exposed reinforced concrete structures, BS EN 12696 
[68] has specified any of the following criteria: 
 Instant-off potential more negative than -720mV with respect to Ag/AgCl, 
0.5M KCl electrode.  
 Potential decay of at least 100mV from instant-off over a period of 24h (or less) 
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 Potential decay of at least 150mV from instant-off over an extended period (24h 
or longer), measured using reference electrodes (not potential decay sensors) 
A limit of -1100mV and -900mV is imposed on the instant-off potential for plain and 
pre-stressed reinforcement, respectively. A number of notes were given alongside; it 
mentioned that the criteria given were not supported by theoretical  considerations but 
were a series of practical criteria to indicate adequate polarization considerations and 
that the second and third criteria could be invalidated by variations in temperature 
and moisture (between measurements) as they can cause significant changes in  
potential. An investigative criteria was also suggested where a potential on a fully 
depolarized electrode (typically 7days or more after current interruption), less negative 
than -150mV (Ag/AgCl) is sought.  
AS 2832.5 [3] has given the first two criteria mentioned above from BS EN 12696, and 
in addition has listed the following criteria: 
 Potential decay over a maximum of 72h of at least 100mV from instant-off 
potential, using reference electrodes 
 A fully depolarized potential (or a depolarizing potential) over a maximum of 
72h of switching off system, consistently less than -150mV with respect to 
Ag/AgCl, 0.5M KCl electrode 
 
NACE SP0290 [67] has listed 2 criteria developed through empirical evaluation, but 
did not limit them to the only acceptable criteria, mentioning that other criteria may 
be used if they can be demonstrated to be effective in controlling corrosion. The 2 
criteria are as follows:  
 100 mV polarization decay from instant-off potential at the most anodic area of 
each zone of the structure (approximately every 46m
2
 area) 
 E-LogI test to determine current requirement (subject to practitioner’s 
interpretation of test results) 
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The duration over which the depolarization should be measured is not specified. 
NACE SP0290 also states that if the steel is passive (less negative than -200mV against 
Cu/CuS04), then no polarisation is required. It also mentions the environmental 
conditions can influence polarization/depolarization measurements and that they 
should be taken into account by the engineer. 
According to Broomfield [39] the -850mV polarization criteria is not suitable for steel 
in concrete because of a number of theoretical and practical reasons. One reason is 
that if an absolute minimum potential is achieved in all parts of the steel, it is likely 
that some parts will be overprotected due to the severe variation of the corrosion 
environment in concrete. Broomfield also highlights the problem of accurately 
measuring an absolute potential over a number of years, since electrode calibrations 
can drift over time. Broomfield concluded that the best control criterion is based on 
potential shift (polarization decay), making reference to theoretical and experimental 
studies which showed that a potential shift of 100 to 150mV reduced corrosion rate by 
at least an order of magnitude [69, 70]. Although the decay criterion appears to be the 
most universally agreed criterion, some studies have shown that it has its limitations. 
One of the limitations, as mentioned earlier, is the differences that can arise from 
temperature and moisture variations. Funahashi and Bushman [71] conducted an 
experiment to investigate the effectiveness of the 100mV polarization decay criteria 
and concluded that it was not adequate to stop both macro and microcell corrosion of 
steel. Giorgini [72] conducted a study looking into the polarization effect of macro-cell 
current and cathodic protection current using galvanic anodes. He concluded that 
macro-cell corrosion had a considerable polarization effect and influence on the decay 
readings, which can lead to misinterpretation. The polarizing effect of macro-cells were 
also clearly demonstrated by Presuel et al [73]. 
3.9: Residual Protection 
Page [74] indicated that cathodically polarized metals exhibit residual effects after 
interrupting the current source. Page had suggested that the beneficial effects of 
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passive protection do not cease if the current is interrupted, but can rather last for 
several months and in some situations, give rise to the possibility of intermittent 
application of CP. This residual effect can be explained by the positive transformation 
of the local concrete around the steel due to CP application (discussed in section 3.4).  
A recent study performed by Christadoulou et al [2] also showed this effect from his 
study on 10 reinforced concrete crossbeams of bridges in the UK. Structures chosen 
had active ICCP systems running from between 5 and 16 years with 60% of test 
locations containing high chloride contents (greater than 1% by weight of cement). 
Due to the aging of the systems, anodes had undergone deterioration, some of which 
were severely deteriorated. CP was interrupted and monitored for a period of 24 
months. Potential measurements made after current interruption showed very noble 
values, ranging from 60mV to -190mV, which correspond to low risk of corrosion and 
suggests steel passivity was induced. Furthermore, the potentials did not trend towards 
negative potentials, thus indicating that the passive conditions were stable. 
Polarization resistance measurements were taken every month, and it was observed 
that corrosion rates maintained well below the stated ‘threshold value’ of 2mA/m
2
, 
further supporting persistent passive conditions. In conclusion, it was shown that steel 
remained passive even after 2 years from interrupting the ICCP systems, despite high 
chloride levels and in some cases low current outputs from severely deteriorated 
anodes. Current densities from the severely deteriorated anodes were less than 
20mA/m
2
 of concrete surface, with steel surface area being 1.4 to 2.2 times the 
concrete surface area (corresponding to between 9-14mA/m2 of steel surface). 
Presuel et al [73] conducted some long-term testing on the effect of corrosion 
macrocells on neighbouring steel, using a number of partially immersed reinforced 
concrete columns. Columns were prepared with steel bars positioned vertically along 
the length of the column, comprising eleven segments. Segments were initially 
interconnected with one another by wires through a switchbox. The lower two 
segments were admixed with chloride in order to accelerate corrosion in that region 
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and were partially immersed in 5% NaCl solution.  Specimens were conditioned for 9 
years, after which the testing sequence begun with the disconnection of the switch 
between one of the actively corroding segments and the segment immediately above it. 
Potential results showed that immediate depolarization of all the segments above 
occurred, indicating that they were under cathodic polarization by the macrocell 
current produced by the actively corroding segments (lower two segments). The 
segment immediately above the actively corroding bars displayed sustained positive 
potentials after current interruption, indicating residual protection for a period before 
potentials eventually dropped. Columns exposed to wet conditions showed residual 
protection lasted for a period of 75 days for one column and 15 days for another, 
whereas columns exposed to dry conditions indicated persistent protection throughout 
the test period of 220 days. Spontaneous activation was also seen in macrocell current 
measurements which showed a sudden shift in current polarity for that segment. 
Interestingly, the spontaneous activation (following residual protection) resulted in the 
cathodic polarization of the above segments. In conclusion, it was illustrated that 
corrosion re-initiation of steel, despite high chloride contents ( 4% by weight of 
cement)  did not occur immediately after protective macrocell current was interrupted, 
but rather was able to provide residual protection for a period up to 75 days. 
Moreover, it was also demonstrated that macrocell currents from corroding steel, with 
current densities as low as 5 mA/m
2
, were able to protect neighbouring steel and 
sustain passivation. In accordance to the British standards, a protection current density 
of such magnitude is considered to be at the lower end of the spectrum for actively 
corroding structures. 
The phenomenon of residual protection allows the application of intermittent CP 
which can have a number of benefits. Intermittent CP reduces the current usage, 
which not only reduces operational costs but can increase anode service life and reduce 
the risk of negative effects associated with CP application. A number of studies have 
been made on the effectiveness of intermittent CP application in reinforced concrete. 
For instance, Cramer et al [75] showed that intermittent CP in chloride contaminated 
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concrete specimens using a current density of 2.2mA/m
2
 with current application and 
interruption of 24h alternatingly, was able to yield 24h depolarization values of over 
200mV, indicating that sufficient protection was being achieved. From their work, they 
concluded that this intermittent CP regime would theoretically double the anode 
service life. Hassanein et al [51] used intermittent CP with 100mA/m
2
 current pulses 
lasting 30 minutes, every 12h and showed that a significant amount of chlorides were 
removed and demonstrated the effect of O2 depletion as a result of cathodic reaction. 
Koleva et al [76, 77] studied the efficiency of using pulsated current (square 
waveform) with current densities ranging 5-20mA/m2 with 12-50% duty cycle at 
500Hz to 1kHz and compared results to conventional CP. From their work, it was 
found that pulsed CP was at least as efficient as conventional CP in terms of achieving 
polarization, but performed better in removing chlorides from steel surface and 
promoting hydroxyl ion formation. These studies show that the use of intermittent CP 
is feasible and can prove to be beneficial.  
A particularly relevant study on intermittent ICCP was undertaken by Glass et al [78]. 
A number of reinforced concrete cylinders with admixed chlorides (various chloride 
contents) were prepared and conditioned under wet-dry cycles using synthetic sea-
water and circulated dry air. Two tanks were used, designated as ‘wet’ and ‘dry’ tanks, 
where the relative humidity was >90% and between 50-70%, respectively. Every 12 
hours, current pulses lasting 30 minutes were applied using submerged distributed 
anodes located in the tank. Current densities used were 40, 100, 150 and 1000 mA/m
2
 
(of steel surface). Potential measurements for specimens were taken 8 hours following 
CP application. For the dry tank, it is seen that specimens treated with less than 
100mA/m
2
 had potentials decrease to values ranging between -400 to 500 mV over a 
course of 13 months. Contrastingly, specimens treated with 150mA/m
2
 and 
1000mA/m
2
 displayed  increase in potentials that rose by more than 200mV to values 
more positive than -150mV. The authors inferred that passivity was induced in the 
latter two, based on the following observations; firstly due to the positive potential 
shift, secondly because a potential of -150mV is associated with low corrosion risk and 
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thirdly because visual observation showed no signs of corrosion induced cracking 
(which was seen for other specimens). Although passivity may not have been achieved 
in the other specimens, the corrosion activity was significantly reduced as the time for 
corrosion induced cracking to occur was considerably prolonged, compared to the 
control specimen. With regards to the wet tank, specimens displayed fairly sustained 
negative potential values with the absence of any positive shift. The relatively negative 
potentials is a result of the consumption of O2 due to the cathodic reaction, similar to 
what was shown by Hassanein et al [51]. The reducing conditions indicated by the 
negative potentials would in the long-term arrest corrosion. No signs of cracking were 
seen for any of the specimens in the wet tank (not even the control). Upon breaking 
the specimens after the test, the corrosion products were black in colour (magnetite), 
which provides supporting evidence for  O2 starvation.  
Corrosion rates were obtained using polarization resistance measurements taken 8 
hours  after application of current pulses. Initial polarization resistance values obtained 
for specimens in the dry tank  (exept 1000mA/m
2
 specimen), indicate relatively high 
corrosion rates comparable to the control specimen. This is unexpected, as corrosion 
rates are anticipated to reduce on the application of CP, especially with current 
densities as high as 150mA/m
2
. Unexpected trends are also observed in the wet tank 
where polarization resistance for specimens (except 40mA/m
2
 specimen) indicate 
significantly higher corrosion rates than the control, with corrosion rates increasing 
with current density. Similar trends have been reported elsewhere in literature. A 
number of hypothesis exist for such kind of behaviour. Glass and colleagues suggest 
that the likely reason for this trend is that the oxidation of previously reduced species 
occurs, with its rate determining the polarization resistance. Green et al [79] give three 
possible explainations as to why corrosion rates (from polarization resistance 
measurements) can be overestimated following soon after cathodic current application: 
 Steel takes time to passivate at a rate which depends on oxygen diffusion from 
the surface to the rebar 
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 Alkaline attack on iron can occur due to a significant formation of HFeO2
-
 as a 
result of high pH around steel 
 Potential soon after current interruption is close to the reversible potential of 
one of the half reactions  
From the work undertaken by Glass et al [78], it is seen that small integrated current 
densities (equivalent continuous CP current density for intermittent application) were 
able to induce passivity and arrest corrosion, despite relatively high initial corrosion 
rates, thus promoting the effectiveness of intermittent CP. Furthermore, for aerated 
conditions (cathodic kinetics weakly polarized), the protective effects from the negative 
potential shift induced by small currents is negligible; rather, it is the increase in 
anodic polarisation resulting from passivating conditions which provides the main 
protective effect. For saturated conditions where O2 is restricted (cathodic kinetics 
strongly polarized), the protection is achieved by the reducing environment at the steel 
created by CP application, which is indicated by sustained negative potentials. 
Therefore, the conventional basis of CP which works by inducing a large negative 
potential shift, is not the only mechanism through which protection of steel in 
concrete is achieved. However, it should be noted that the protection afforded by 
relatively small cathodic currents, as demonstrated, is a gradual one, unlike the 
instantaneous protection that is achieved by conventional CP. It is also demonstrated 
that polarization resistance measurements taken soon after cathodic polarization can 
sometimes be misleading. 
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 4: Experimental Design and Methodology 
4.1: Monitoring Techniques 
4.1.1: Half-cell potentials 
A half-cell, otherwise known as a reference electrode, consists of an electrode 
immersed in an aqueous solution - usually a saturated solution of the metal’s salt. 
Standard reference electrodes such as Cu/CuSO4 (CSE) and Ag/AgCl (SSCE) have the 
characteristics of being stable and of yielding reproducible potentials versus the 
standard hydrogen electrode (SHE) [80]. The combination of two half-cells constitute 
a cell whose EMF can be measured by connecting it to a high-impedence voltmeter. 
Similarly, when steel reinforcement in concrete (also a half cell) is connected to a 
standard half-cell, as shown in figure 4:1, the potential difference can be measured, 
giving the corrosion potential of the steel, Ecorr.  
 
Figure 4:1: Typical half-cell setup to measure steel potentials [80] 
The measurement of Ecorr has been used widely as a corrosion detection technique, 
first applied by Stratfull [81]. It is a non-destructive, inexpensive, and quick way to 
detect corrosion and assess the probability of corrosion. Standards such as ASTM-
C876 [82] and RILEM TC153-EMC [80] have described the procedures with 
recommendations on measuring half-cell potentials of steel reinforcement in concrete. 
49 
 
Table 4:1 summarises the interpretation guideline based on ASTM-C876 for half-cell 
potential measurements. 
Half-cell Potential (mV) 
CSE
 Interpretation 
>-200 > 90% probability of no corrosion 
-200>-350 Increasing probability of corrosion 
<-350 >90% probability of corrosion 
Table 4:1: Interpretation guideline for corrosion risk based on half-cell readings 
Although a large number of experiments in the literature have shown a good 
relationship between steel potential and corrosion activity, half-cell potential 
measurements are not always a true representation of corrosion state. In a general, as 
the potential becomes more negative, the corrosion activity increases, as illustrated by 
experimental results in figure 4:2, however this is not always the case. The potential 
measurement is influenced by a number of different parameters, such as oxygen and 
chloride concentration, concrete resistance, cover depth, pH and reference electrode 
position. For this reason, assessment of corrosion activity based purely on criteria such 
as that given in table 4:1 can be problematic and may be misleading. For instance, 
despite very negative values of measured potentials, the corrosion rate may be very 
limited in cases of saturated concrete under cathodic control. Non-corroding steel can 
therefore exhibit a wide range of potentials which is why it is generally accepted that 
half-cell potential readings should be complemented by other tests and that potential 
readings can only provide information about the corrosion risk rather than the 
corrosion rate. Nevertheless, the usefulness of half-cell potential readings is not 
undermined and it is an important parameter which is widely used for corrosion 
testing and performance evaluation of CP systems. [80, 83, 84] 
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Figure 4:2: Relationship between corrosion potential and corrosion rate [78] 
4.1.2: Linear polarization resistance (LPR) 
LPR is a commonly used non-destructive technique to measure the instantaneous 
corrosion rate of steel in concrete. The main assumption for LPR is that the 
polarization curve for a few millivolts (10-30mV) around the corrosion potential 
follows a quasi- linear relationship - a trend observed from experimental results, as 
illustrated in figure 4:3a. The technique works by applying a small perturbation to 
shift the potential of the steel away from its corrosion potential by a small amount and 
monitoring the system’s response after a specified time. This can be done 
potentiostatically, where a fixed potential shift is applied and current decay is 
monitored, or galvanostatically, where a fixed current is applied and potential change 
is monitored.  [84] 
A three-electrode setup, as shown in figure 4:3b is typically used to measure the LPR 
of steel in concrete. The setup consists of a zero-resistance ammeter, a high-impedance 
voltmeter and the three electrodes labelled WE1, RE and AE, which are the working 
electrode (steel bar), reference electrode and auxiliary (counter) electrode, respectively.  
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Figure 4:3: a) Linear segment of polarization curve  [85] b) schematic of three-
electrode setup to measure LPR 
The polarization resistance (Rp) of the steel is determined by the gradient of the 
polarization curve obtained: 
   
  
  
 
The corrosion rate or current density (Icorr) is inversely proportional to Rp and is 
calculated by the Stern-Geary equation [6]: 
      
 
  
 
where B is the Stern-Geary constant that is obtained from the anodic and cathodic 
Tafel coefficients, βa and βc respectively, using the following equation: 
  
     
           
 
Accuracy of corrosion rate determination using LPR can be largely influenced by the 
selection of the Stern-Geary constant. A value of 26mV is widely reported in the 
literature based on the findings of Andrade and Gonzalez [86], although a wide range 
of different values have been used by other authors. Andrade and Gonzalez inferred 
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from their experimental studies that a B value of 26mV for bare and galvanized steel 
in the active state and a B value of 52mV for bare steel in the passive state in concrete, 
showed good correlation with gravimetric weight loss results. It was possible for them 
to classify specimens as active or passive since it was known which specimens 
contained depassivating additives. Moreover, gravimetric tests provided information on 
the corrosion state of the steel. For practical applications, where such information is 
unavailable, the question as to whether steel is to be classed as active or passive may 
arise, therefore resulting in a dilemma for the choice of B value. Baweja et al [87] 
showed that the choice of B value had little effect on the Icorr value for high values of 
Rp (low corrosion) and significant effect for low values of Rp (active corrosion). In 
their work, they developed equations to calculate B values from Ecorr , which yielded 
better results with smaller scatter compared to results using B=26mV. The accuracy of 
corrosion rates using LPR is also affected by accuracy of potential measurements 
which should ideally compensate for IR drops through the concrete cover. Other 
factors such as potential/current sweep rates, equilibrium periods, build-up of 
corrosion products and size of counter-electrode are also reported to influence the 
accuracy of LPR measurements [88].   
Table 4:2 gives the interpretations of polarization resistance and corresponding 
corrosion rates of steel in concrete, obtained by LPR. It should be noted that different 
values have been suggested by other authors. For eg: Clear [89] suggests <0.2 µA/cm
2
 
for passive state. 
 
Table 4:2: Classification of polarization resistance and corrosion rates [90] 
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4.1.3: Electrochemical impedance spectroscopy (EIS) 
Similar to the LPR technique, EIS is a non-destructive technique used in concrete from 
which the instantaneous corrosion rate of steel reinforcement can be obtained. 
Additionally, EIS can provide useful information which gives an insight into the 
corrosion behaviour and mechanism. EIS works on the basis of measuring the 
dynamic response of steel reinforcement to small signal excitations. Small excitations 
are used rather than large ones in order to assume a linear response in the current-
voltage measurements, which in reality is a non-linear relationship when observed 
over a wide range of voltages. A three-electrode setup similar to that shown in figure 
4:2b is used, although some additional electronic components are required such as a 
signal generator and frequency response analyser. EIS is measured by applying a 
potential, usually a sinusoidal potential ranging between 10 to 20 mV, and 
subsequently recording the response. The response is also an alternating wave signal 
similar to the input, however shifted out of phase. Measurement of amplitudes and 
phase angles are made at a number of different frequencies, covering a spectral range 
typically between 1mHz to 1kHz or more. By using a wide range of frequencies, it is 
possible to predict the individual factors that comprise the system response which 
helps in separating them from the parameters associated with corrosion rate 
evaluation. Using Ohm’s law and Eulers relationship, impedance of the system can be 
expressed as a complex number, having a real and imaginary part, as given below: 
                    
Where, ω is the frequency, Zo is impedance expressed as a magnitude, and ф is the 
phase shift of the signal. [91] 
Plotting the real and imaginary parts of impedance on a chart produces a graph 
known as the Nyquist plot. Typically, semi-circular plots are obtained (often 
containing multiple semi-circles) as shown in figure 4:4, with each coordinate 
corresponding to a single frequency. The impedance can be expressed as a vector from 
the origin to the perimeter of the semi-circle. Nyquist plots have the limitation that it 
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does not express frequency information. Another form of data representation which 
shows frequency information is the Bode plot which plots absolute values of 
impedance and phase shifts against log frequency. 
 
Figure 4:4: Typical Nyquist plot obtained from EIS measurements [91] 
With the help of equivalent electrical circuits consisting of common elements such as 
resistors, capacitors and inductors to model physical electrochemical processes, EIS 
data can be analysed to give information such as polarization resistance and solution 
resistance of the electrochemical system. The analyst tries to ‘fit’ the EIS data to a 
circuit model whose impedance best matches the obtained data. A commonly used 
model is the simplified Randles cell which consists of two resistors modelling solution 
resistance (Rs) and charge transfer resistance (polarization resistance, Rp) and a 
double layer capacitor to model electrical double layer at electrode interface (Cdl), as 
shown in figure 4:5. Much more complicated models/circuits exist which take into 
account other parameters. Values of polarization resistance obtained through this 
method can be used to calculate corrosion rates using the Stern and Geary equation. 
[84, 91] 
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Figure 4:5: Simplified Randles circuit 
Despite EIS being a powerful tool in analysing corrosion, it is a complicated technique 
which is affected by a number of parameters. Its analysis strongly depends on the 
selection of the equivalent circuit and how well it models the physical electrochemical 
process. Furthermore, impedance spectra can be particularly difficult to interpret for 
applications in concrete due to the complexity of cement chemistry and microstructure 
of concrete.  EIS measurements require a system in a steady state, which is practically 
difficult to achieve since changes in the cell can occur through adsorption of solution 
impurities, oxide layer growth, build-up of reaction products, temperature variations, 
and several other factors. Standard EIS analysis tools can result in highly inaccurate 
results for an unsteady system. [91] 
4.1.4: Concrete resistivity 
Concrete resistivity is a useful parameter which can give an idea about corrosion risk. 
Measurements can be made using embedded electrodes or non-destructively using 
surface-mounted electrodes. Resistivity measurements involve the use of at least two 
electrodes, of which, one may be a reinforcing bar. The basic principle of its working 
is the measurement of the resultant current between electrodes on the application of a 
voltage, or vice versa. Following Ohm’s law, the ratio of voltage to current gives 
resistance (in Ω). The resistivity (Ωm), which is a material property independent of 
specimen geometry, is obtained by multiplying the measured resistance by a 
geometrical conversion factor which can be derived by theoretical calculation or 
through calibration using standard samples. [92]  
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A number of arrangements exist for the measurement of concrete resistivity. A 
commonly used device to measure concrete resistivity is the four-point Wenner probe. 
The probe consists of 4 equally-spaced terminals set up in a linear manner. The two 
outer terminals are used to apply a direct current, measured using an ammeter 
connected across them whereas the two inner terminals are used to measure the 
voltage. In relevance to this study, the method in concern involves the use of pairs of 
stainless steel electrodes embedded in concrete in a fashion similar to that of McCarter 
et al [93, 94], which is a two-point method. The setup involves the use of pairs of 
adjacent stainless steel pins sleeved with heat-shrink insulation with a 10mm tip 
exposed. Pins are connected to an impedance analyser (LCR meter) which applies an 
alternating current at a set frequency and amplitude and calculates resistance. A signal 
frequency of 1kHz and 1V amplitude are stated to reduce electrode polarisation effects 
[95]. Results obtained are values of absolute resistance, which can be converted to 
resistivity by calibration. Figure 4:6 shows the wiring arrangement for two-point 
resistance measurements. The sample is the concrete present in between the 
electrodes/pins.  
 
Figure 4:6: Wiring arrangement with impedance analyzer for two-point resistance 
measurements [96] 
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4.2: Trial Development  
A series of trials were conducted to develop the final specimen design and 
experimental programme.  
The development work had three principal aims: 
 To establish an appropriate mix design for the initiation of corrosion  
 To test the feasibility and operation of the monitoring equipment 
 To optimise the monitoring in terms of installation and validity of data 
After discrete testing of pH probes and thermocouples on small scale specimens, a 
single concrete block was cast containing a steel bar, anode mesh, pH probe and a 
thermocouple, as the first prototype for the actual experimental specimens. The 
concrete block had dimensions measuring 300x150x100mm and the steel used had a 
diameter and length of approximately 16mm and 250mm respectively, figure 4.7. To 
accelerate corrosion, 5% NaCl (by weight of cement) was added to the mix. A 
relatively high chloride concentration was selected to enable corrosion to be initiated 
at an accelerated rate. A standard 100% PC concrete with a target compressive 
strength of 40 MPa was selected, complying with exposure category B2, AS 3600 [97]. 
This was selected as it represented a standard mix for reinforced concrete structures 
and would also enable corrosion to be initiated within a reasonable time frame for the 
laboratory based experiments.  The mix design is given in Table 4.3. To ensure 
corrosion was readily established, the concrete block (after de-moulding) was subjected 
to a wet/dry cycle where water would be sprayed every 24h for a 1-hour duration. The 
specimen was conditioned for one month before testing the CP.  
Constituent Quantity (Kg/m
3
) 
Cement 417 
Water  208 
Fine Aggregate 625 
Coarse Aggregate (7mm) 625 
Coarse Aggregate (10mm) 625 
      Table 4:3: Concrete-mix design 
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After one month of conditioning, the CP was switched on to 20mA/m
2
 for 1 week 
before switching-off to obtain depolarization measurements.  
 
Figure 4:7: Schematic of preliminary trial specimen 
4.2.1: Half-cell Electrode 
Half-cell potential is a fundamental parameter when studying corrosion. Steel potential 
readings were measured against an embedded Ag/AgCl reference electrode (Castle 
type LD15) and were automatically recorded using a data-logger (DataTaker DT80). 
One of the terminals of the channel used on the data-logger was connected to the 
electrode while the other to the wire connecting the steel bar. The wire connecting the 
steel was looped through the data-logger in order to connect to the DC power source 
for CP application. 
4.2.2: pH Electrode 
In order to monitor the behaviour of the pH change caused by application of CP 
without the use of destructive chemical analysis techniques, a double-junction pH 
electrode (Eutech Instruments-ECFC series) was placed in close proximity of the steel 
bar (20-30mm from bar) for the purpose of continuous monitoring.  
59 
 
4.2.3: Humidity Sensor  
As corrosion is highly influenced by the moisture content, it was important to monitor 
the internal humidity inside the specimen. A commercially available relative humidity 
sensor (Honeywell HIH4000-01) connected to a data logger was used to monitor the 
change in humidity inside a cavity created in the concrete using a section of a PVC 
tube. After fixing the sensor inside the tube, the end exposed to the atmosphere was 
sealed with tape, allowing humidity to equilibrate inside the cavity.  
4.2.4: Thermocouple 
Internal temperature of concrete was monitored as a supplementary parameter. A 
welded-tip thermocouple (RS type-K, PTFE insulated) was used for this purpose. The 
thermocouple was simply placed in fresh concrete while casting.  
4.2.5: Anode 
The anode used for CP application was activated titanium mesh ribbon (De-Nora 
Type1). Based on theoretical calculations the size of the anode was determined, and an 
anode mesh size of approximately 30x20mm was used. The anode was soldered to an 
electrical wire and was positioned a few centimetres below the concrete surface while 
pouring concrete. For CP application, the anode was connected to the positive 
terminal of a DC power source, while the steel connected to the negative. A multi-
meter was also connected in series to measure current flow in order to adjust the 
voltage to obtain the desired current density. 
4.3: Results of Preliminary Trials 
4.3.1: Potential and depolarization 
Initial potential readings of the steel bar were around -460mV (Ag/AgCl) before CP 
was switched on. On the application of CP (20mA/m
2
 of steel surface area), the 
resulting polarized potential was approximately -473mV. Upon current interruption, 
the potential was seen to shift to positive potentials, but in a matter of seconds, the 
potential started to move back in the negative direction towards the initial corrosion 
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potential, as shown in figure 4:8. This is contrary to what one would expect for a 
typical depolarization curve, indicating that the steel bar was not sufficiently polarized 
and protection was not being achieved. This was identified as being most likely due to 
the limited current distribution from the small anode size. 
 
Figure 4:8: Depolarization curve showing negative trend 
 
4.3.2: pH readings 
The pH measurements of the pore solution was seen to average about 12, indicating 
an alkaline pH (as expected), however the pH showed a high degree of fluctuation, 
often spiking to unrealistic values, as shown in figure 4:9. It was suspected that the 
drying out of concrete pore solution was the cause of the sporadic readings. 
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Figure 4:9: pH readings showing a high degree of fluctuation 
 
4.3.3: Humidity 
Humidity readings taken after several weeks of concrete casting showed erroneous 
readings, as shown in figure 4:10. After retrieving the humidity sensor from the 
internal cavity, visual inspection showed that the sensing element was damaged. 
White-coloured deposits were seen to cover the sensing element. It was initially 
thought that the reason for the deterioration was due the alkaline moisture inside the 
concrete, attacking the sensor over a prolonged period. 
 
Figure 4:10: Damaged humidity sensor giving erroneous readings 
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4.3.4: Temperature 
Temperature readings using the embedded thermocouple proved to be reliable and 
sensitive to temperature change, as shown in figure 4:11. As expected, during the 
spray cycles, the temperature dropped, and during the spray-off periods, the 
temperature increased.   
 
Figure 4:11: Temperature readings of concrete 
4.4: Secondary trials  
Following the preliminary trials, a secondary trial was developed to accommodate 
changes identified from the analysis of the preliminary trial. The aim of the secondary 
trial was to develop a reliable design for the main set of experiments. Furthermore, it 
was used to trial resistance sensors and in-situ corrosion rate measurements using the 
LPR and EIS monitoring equipment. One of the changes in the specimen design was 
that a separate wire was connected the steel bar and DC power source, as it was later 
realized that looping the wire through the data-logger was not appropriate, since 
passing a high current through the data-logger could damage it. Anode size was 
increased to 20cm and was positioned along the bar, approximately 20mm below it 
(using a modified plastic bar-holder). This was to ensure even current distribution was 
achieved. Two pairs of steel pin sensors were embedded in close proximity to the bar 
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to measure concrete resistance. The mix-design remained the same, except that the salt 
was reduced to 3% NaCl, such that chlorides were at a more realistic value. The setup 
for the specimen is shown in figure 4:12  
 
Figure 4:12: Schematic of improved specimen design 
 
After de-moulding, the specimen was left to cure under atmospheric conditions and 
was then subjected to water spray cycles. The spray cycle was modified so that water 
would be sprayed every 12h (twice a day), each spray lasting 30 minutes. This was 
done in an attempt to keep the concrete moist and to reduce fluctuations in the pH 
measurements. After leaving the specimen for 1 month for corrosion to initiate, the 
CP was switched on for 1 week before being interrupted. In this trail, instead of using 
a fixed current density, a fixed potential of -850mV (Ag/AgCl) was selected, which 
corresponded to a relatively high current density of 0.65A/m
2
. This potential was 
chosen in accordance to the criteria presented in NACE RP0169 [65]. Although not a 
usual practice for today’s standards, this was done in order to ensure a high enough 
current to check working of equipment. Measurements of various parameters 
including corrosion rates were made before, during and after application of CP. 
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Corrosion was evaluated via the steel potential and corrosion rate measurements using 
LPR and EIS. All the probes with the exception of the resistance sensors were wired to 
the data-logger, which was set to sample every half hour (except during depolarization 
periods when a higher sampling rate was used). Manual readings had to be taken from 
the LCR meter (connected to the resistance sensors) as a multiplexing switch control 
unit was not available to automatically sample the readings between sensor pairs.  
4.4.1: Resistance Sensors 
The aim of using resistance sensors was to observe if any change in the electrical 
resistance of concrete would arise from a local change in ion concentration around the 
bar resulting from CP application. Pairs of stainless steel pins (grade 304) were used to 
measure concrete resistance in a method similar to that used by McCarter et al (2005). 
Pins were insulated using shrink-wrap with a 10mm tip exposed to the concrete and 
the other end crimped to electrical wiring that connected to a LCR meter (Isotech 
LCR 819). The pins were positioned and held in place by plexi-glass templates that 
had holes accurately cut using a laser-cutting machine. The measurements were taken 
using a signal with amplitude of 350mV and a frequency of 1kHz. All values are 
reported as resistance instead of resistivity since the experiment only compares 
readings of the same system. Two pairs of pins were placed to measure differences in 
resistance at different vertical distances from the steel bar; one at mid-level of the bar 
and the other placed 10mm below, shown in figure 4:13.  
 
Figure 4:13: Two-pin resistance sensor  
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4.4.2 Corrosion Rate 
The corrosion rate was monitored by manually measuring the polarization resistance 
at intervals with the LPR technique using a corrosion-monitoring equipment (ACM 
Field Machine). The equipment was set to automatically compensate for the IR drop 
arising from the concrete cover using a 300Hz AC signal. The polarization range was 
set to ±10mV for a 30 second equilibrium period. In order to calculate the corrosion 
current density, the Stern-Geary equation was applied, taking a B value of 26mV 
(assuming active corrosion). A typical plot obtained from an LPR measurement is 
given in figure 4:14. 
 
 
Figure 4:14: Typical plot obtained from LPR measurement 
Corrosion rate monitoring was also undertaken using electrochemical impedance 
spectroscopy (EIS) however the measurements obtained were not suitable to deduce 
corrosion rates, since accurate fitting of data was not possible. Instead of obtaining 
typical semi-circular Nyquist plots (figure 4:15a), plots of random and widely 
dispersed data points were obtained (figure 4:15b).  The reason for this behaviour is 
uncertain but may be due to unstable corrosion reactions during early stages of 
corrosion (as seen later from LPR measurements). The LPR technique was adopted to 
measure corrosion for subsequent readings.  
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Figure 4:15: a) Typical Nyquist plot   b) scattered Nyquist plot obtained from 
measurements 
 
4.5 Results of Secondary Trials  
4.5.1: Potential 
Figure 4:16a shows the potential before, during and following the application of CP. 
The free corrosion potential of the steel before CP was switched on was fairly steady, 
ranging between -295mV to -325mV (Ag/AgCl), indicating an intermediate risk of 
corrosion according to ASTM C876 [82]. After 1 month from casting, the CP was 
switched on and the current adjusted till the steel potential reached just above -850mV 
mark, corresponding to a protection current density of 0.65A/m
2
,
 
a density considered 
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to be high for CP application. Figure 4:16b shows the depolarization diagram 
following current interruption; it is seen that a depolarization of over 300mV in less 
than 10 hours was achieved. This later led to the trial of using 20mA/m
2
 with the 
increased anode length which proved successful in producing a similar positive 
depolarization trend, which suggests that the adoption of the anode mesh along the 
full length of the rebar was successful in achieving passivation of the steel. The 
potential of the bar reached approximately -170mV in 24 hours after CP was switched 
off (for 0.65A/m
2
 current density). However, the potential dropped after the next 
spray cycle and then stabilized around the initial corrosion potential (before CP). This 
suggests a very short duration of protection was sustained and was likely due to the 
high humidity in concrete. The short duration of protection suggests that complete 
passivity was not attained as the local environment around the steel bar was not 
sufficiently transformed to provide a long-lasting residual effect. 
 
 
Figure 4:16: a) Variation of potential over test period   b) depolarization curve 
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4.5.2: Corrosion rates 
Figure 4:17 shows the variation of corrosion current density over time. The initial 
value measured 2 days after casting is approximately 2.8 µA/cm
2
, which according to 
table 4:2 corresponds to a high corrosion rate. Corrosion rates were seen to gradually 
reduce over time. Intermediary readings showed that fluctuations occur, often 
increasing and then decreasing. Unsteady behaviour, especially in corrosion rates are 
often observed in literature. The reduction in corrosion rate is most likely due to the 
initial passivation of steel and rapid increase in concrete resistance due to hydration 
during early stages. Another reason may be because of the reduction of free chlorides 
in the pore solution due to complexing with C3A. The application of CP quickly 
reduced the corrosion rate to virtually zero. A measurement of corrosion rate after 
current interruption indicated corrosion had reinitiated, confirming the observations 
from the potential readings. 
 
Figure 4:17: Corrosion rate before and after CP 
4.5:3 Concrete Resistance  
Figure 4:18a shows an increase in absolute values of the measured concrete resistance 
over time. The readings from the pair of steel pins positioned at mid-level of the bar is 
labelled as ‘top’ whilst readings from the pins positioned 10mm below are labelled as 
‘bottom’. The initial increase in resistance is expected due to progressive paste 
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hydration and reduction of pore solution. Since it is not possible to replicate each pin 
exactly (pin length and spacing), it is expected that there will be some discrepancies 
between the two sets of results. For this reason, results were normalized by taking the 
first readings as the denominator of each ratio, thereby eliminating unwanted effects 
to provide a better basis for comparison. The results of the normalized data are plotted 
in figure 4:18b. During CP, readings were not possible due to the interference of the 
current with steel pins resulting in over-range values for the LCR meter. After current 
interruption, no noticeable change in the trend of concrete resistance was observed for 
either of the pins, which suggests that no significant or detectable change in ion 
concentration had occurred from CP application.  
 
Figure 4:18: Change in a) measured resistance   b) normalized resistance 
 
4.5.4: Temperature and Humidity 
The results of temperature and humidity readings are both plotted in figure 4:19. Due 
to the tendency of the humidity sensor to deteriorate, as discussed in section 4.3.3, the 
sensor was removed after day 15 once steady state conditions and was reinstalled at 
day 27 to monitor any changes during application of CP and period following. The 
results are as expected; during the spray cycle the temperature drops while the 
humidity increases. The initial temperature soon after casting is relatively high, 
reaching a maximum temperature of 29˚C, attributed to the active exothermic 
reaction occurring during the early stage of concrete curing. Subsequently, 
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temperatures dropped and fluctuated between 18-26˚C, depending on the atmospheric 
conditions. The humidity tended to increase initially (after sensor was placed) and 
then maintained between 80-85% on average (ignoring peak values). During the 
second leg of the humidity readings, peak values reached 100% which was likely 
caused by moisture accumulating on the sensing element, simulating a fully saturated 
condition. No deterioration of the humidity sensor was observed to occur. Subsequent 
tests performed ensured a superior seal using blu-tack and tape and revealed that the 
sensor operated well even for prolonged durations (without extraction of sensor), thus 
suggesting that the preliminary failure was likely due to seepage of spray water into 
the cavity. 
 
Figure 4:19: Variation of humidity and temperature in concrete 
4.5.5: pH of Pore Solution 
Despite keeping the specimen under more frequent spray cycles to keep the concrete 
moist, readings were imprecise, although the results did show an improvement 
through reduced fluctuations. The initial readings over the first week of monitoring 
indicated a consistently high alkaline environment having a pH between 12 and 14, 
seen in figure 4:20. However, as time progressed, the results became unstable, often 
dropping below pH 6. It is likely that the sensing element of the pH electrode was 
deteriorating in the concrete environment. Towards the end, the readings stabilized at 
around pH 6.7 without any fluctuations, at which point the pH electrode was 
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considered not to be functioning correctly, as the pH of the concrete is not expected to 
have fallen to a pH in this range. Extraction of the electrode for visual inspection 
following testing was unsuccessful due to the electrode being very fragile, and thus 
breaking when the concrete was split open. From this trial, it can be concluded that 
embedded pH electrodes appear unsuitable for monitoring purposes in concrete and 
that periodic destructive chemical testing was identified as the optimal methodology to 
determine pH.   
 
Figure 4:20: pH measurements showing fluctuations and malfunction towards end  
4.5.6 Main findings 
The main findings from the trial stage can be summarised as follows: 
Test development: 
 The trials enabled the development of an appropriate specimen design for the 
full CP test programme, which would allow the application of the CP and the 
monitoring of the specimens. Anode size was identified as affecting the current 
distribution and polarization. As such a platinized titanium anode ribbon of a 
length comparable to the bar was adopted 
 Corrosion rate monitoring using LPR was selected, due to reliable data being 
obtained by using LPR while the EIS technique gave poor quality data 
 The resistance probes successfully monitored changes in resistivity 
 The thermocouple successfully monitored temperature fluctuations 
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 The humidity probe had a tendency to deteriorate due to water seepage, which 
indicated the importance of having a water-tight seal 
  The pH probe showed unstable results throughout and stopped functioning 
after a period of time. As such it was concluded that continuous non-
destructive monitoring of pH could not be achieved  
 Active corrosion may not have been established with 1 month of wet-dry cycle 
and 3% salt (by weight of cement) , based on LPR readings, although potential 
readings indicate moderate corrosion rates. A longer conditioning period will 
be required to ensure active corrosion is achieved.   
Trial Results: 
 Short duration of protection (10 days @ 0.65A/m
2
) did not show any residual 
protective effects following current interruption 
 Measured resistance values near the steel bar continuously increased due to 
cement hydration, however no detectable change in trend due to CP 
application was observed. Resistance measurements were not possible during 
CP application due to polarisation of steel pins, therefore readings before and 
after CP application had to be adopted 
 Corrosion rates started off high and decreased with time due to increase in 
concrete resistance and initial steel passivation 
4.6: Experimental design and methodology 
4.6.1: Methodology 
The stated principal aims of the research project are: 
 To gain a greater understanding of the initial operational requirements of 
ICCP systems in order to achieve passivation of the reinforcing steel in 
concrete 
 To assess the long-term operation of ICCP systems and the residual protection 
after they have stopped operating.  
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 To study the effect of chloride content in concrete on cathodic polarisation and 
residual protection after current interruption 
Based on the results from the trial phase, the full-scale test programme to address the 
project aims was devised. This consisted of a total of 10 concrete specimens (SP1-10); 
7 specimens mixed with 3% NaCl salt (by weight of cement) and 3 specimens with a 
0.5% NaCl content. Table 4:4 summarises the experimental programme. 
Specimen (SP) % NaCl 
 
Current density 
(mA/m
2
) 
Duration of CP 
(months) 
1 3 20 3 
2 3 60 1 
3 3 60 3 
4 3 180 1 
5 3 180 3 
6 3 540 1 
7 (control) 3 0 - 
8 0.5 20 3 
9 0.5 60 1 
10 (control) 0.5 0 - 
Table 4:4: Experimental plan 
Table 4.5 gives the corresponding percentages of chloride component by weight of 
cement and concrete, for clarification.  
% NaCl (by weight 
of cement) 
% [Cl
-
] (by weight 
of cement) 
% NaCl (by weight 
of concrete) 
% [Cl
-
] (by weight 
of concrete) 
3 1.82 0.5 0.30 
0.5 0.30 0.08 0.05 
Table 4.5: Corresponding percentages of chloride component by weight of cement and 
concrete 
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The two main variables in the experiment were the protection current density and 
duration of CP application; effectively a single variable which is the total charge passed 
(since charge is a product of current and time). 
Relatively high current densities were selected in order to simulate long-term CP 
application over the limited time available for conducting this research. A current 
density of 20mA/m
2
 was chosen as the base current density, which is the 
recommended upper limit for ICCP systems according to standards such as AS2832.5 
[3]. The 60, 180 and 540 mA/m
2
 densities are adopted to enable correlations to be 
made against the total charge passed to simulate periods from 6 months up to 10 
years. By selecting multiples of 3 (current densities and durations), comparisons 
between total charge, time and current density can be studied, thereby addressing 
research question 2. In order to address research question 4, a second chloride content 
of 0.5% NaCl was chosen to allow a clear contrast between the result-sets to be 
obtained.  
A few adjustments were made to the specimen design developed as part of the 
secondary (final) trial. As the pH probe was concluded as being unsuitable for use in 
concrete, it was excluded from the setup. The resistance probe was modified to have 
three pairs of steel pins and three thermocouples placed beside each pair (figure 4:21). 
The pins were spaced at 10mm apart with the upper-most pin positioned at mid-level 
of the steel bar, with the exposed tip of the top pins approximately a centimeter away 
from the bar. A variable resistor was connected to the DC power source to allow for 
finer current adjustment. A schematic of the final setup that was used, is shown in 
figure 4:22a and a typical specimen shown in, figures 4:22b-c. The total experimental 
setup is illustrated in figures 4:22d-e 
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Figure: 4:21: Modified resistance sensor  
Specimens were made from a 100% ordinary Portland (OP) cement mix with a 
nominal strength of 40MPa. The mix-design is largely the same as that of the trials, 
apart from the exclusion of 10mm aggregates, which if used, might have got caught in 
between resistance sensor pins (spaced at 10mm). To this end, only 7mm aggregates 
were used as coarse aggregates. The mix design used is shown in table 4:6. 
Constituent Quantity (Kg/m
3
) 
Cement 417 
Water  208 
Fine Aggregate 625 
Coarse Aggregate (7mm) 1250 
Table 4:6: Concrete mix design for specimens 
Ribbed steel bars having 16mm diameter and 25cm length were used. For the anodes, 
15cm activated titanium mesh ribbons (DeNora type1 - 20mm width) was utilised. 
Plastic bar-chairs to hold the steel bars in place were modified to fix the anodes 
approximately 2cm below the bar. After de-moulding, specimens were kept in the 
spray tank which was set to spray twice a day (every 12 hours), with each spray cycle 
lasting 30 mins. The specimens for the first set of experiments with 3% NaCl were left 
to corrode for 3 months before CP was switched on, whereas specimens with 0.5% 
NaCl were left for 2 months. 
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Figure 4:22: a) Schematic of final design for experiment   b) specimen design  
c)hardened concrete specimen d,e) experimental design 
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With reference to research question 4, a separate set of tests were carried in order to 
study the effect of chloride contents on cathodic polarization in more detail. It was of 
interest to observe how cathodic polarization curves would vary for different 
percentages of chloride and different corrosion rates and how it would compare with 
results from literature. A total of 7 cubes of 150mm sides were cast with ribbed bars 
(10mm diameter and 120mm length) and strips of anode mesh (12mm width and 
120mm length), figures 4:23 a,b. The specimens varied in the percentage of admixed 
NaCl, from 0-5% NaCl. The percentages of NaCl used were: 0, 0.25, 0.5, 1, 2, 3 and 
5%. After casting, specimens were kept in a spray chamber (twice a day, 30mins each 
cycle) to promote corrosion. To obtain cathodic polarization curves, current was swept 
by adjusting the input voltage of the D.C power supply manually. The steel bar and a 
surface mounted Cu-CuSO4 electrode was connected to a data-logger (set at 1s 
sampling rate) to record the potential while a digital multi-meter connected in series to 
the circuit was used to record the current. The input voltage was varied between 0-2V 
in increments and the corresponding steel potential and current was recorded. 
Readings were taken at 1 and 2 months after casting. Manually controlled polarization 
meant that rate of sweep could not be maintained exactly for each measurement. 
Ideally, a specifically designed instrument for this purpose should be used, which 
unfortunately was not possible within the scope of this project.  
      
Figure 4:23: a) Specimen setup b) hardened concrete specimen  
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5: Results 
Specimens, SP1-10, were monitored from the initial casting up to the final destructive 
testing of the specimens. The results are reported for the individual monitoring 
techniques, with a summary of the findings at the conclusion of the chapter. 
5.1: Corrosion rates 
The variation of corrosion rates for SP1-7 over the test period are shown in figure 5:1. 
During the conditioning period, corrosion rates were initially high, peaking to values 
between 1µA/cm
2
 to 3.2µA/cm
2
. However they decreased with time, displaying 
significant fluctuations, especially during the initial monitoring period. This behaviour 
can be attributed to the combined effects of gradual steel passivation in the presence of 
a high alkaline environment in fresh concrete and a rapid increase in concrete 
resistance due to hydration during the early stages of concrete curing. In addition, 
temperature and humidity can both affect the corrosion rate, and may also contribute 
to the fluctuations seen within all the specimens over the conditioning period. This 
observation is also supported by the potential data, which shows a trend towards 
positive values during the conditioning period. After 2 months, the degree of 
fluctuations decreased and corrosion rates stabilised between a narrower range of 0.2- 
0.8 µA/cm
2
. The data would suggest that corrosion was initially established at a high 
rate, but fell to a low to moderate rate by the time CP was applied. 
No readings were taken for SP1-6 during the CP on period, days 110-150, which 
accounts for the gap in the data. Shortly after halting CP, unlike results from the 
secondary trials (section 4.5.2), corrosion rates were not seen to fall to near-zero 
values, but rather were seen to increase for all specimens including the control. It is 
unexpected to see a rise in corrosion rates for cathodically protected specimens after 
current interruption, however, it is a phenomenon reported before, as discussed in 
section 3:9. The increase for the control specimen may be due to the conditions in the 
pore solution at the steel, which may have changed due to the wet/dry cycle and the 
fluctuations in temperature and humidity in the specimen, causing an increase in the 
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corrosion rate. The control specimen had a high chloride content and the corrosion 
rate would be expected to eventually rise as the passive film, produced during the 
hydration process, is broken down. Following this initial rise, all other specimens 
(SP1-6) subsequently generally displayed lower corrosion rates than the control 
specimen. This indicates that corrosion rates did, in fact, reduce (though eventually) 
due to the application of the CP.  
 
Figure 5:1: Variation of corrosion rate with time for 3% NaCl specimens 
Figure 5:2 shows the corrosion rate data for SP8-10. Interestingly, the corrosion rates 
and trends were very similar to the 3% NaCl specimens, seen quite clearly from the 
control specimen, SP10. However, when comparing the corrosion rate data for SP7 
and SP10 at approximately 95 days, a lower corrosion rate was seen for the SP10, 
suggesting that values for the 0.5% NaCl specimens would perhaps eventually drop to, 
or maintain, lower corrosion rates than the 3% NaCl specimens (as one would 
expect). From analysis of the two sets of corrosion rate data, it can be inferred that the 
initial corrosion rates are under a strong influence of the hydration and passivation of 
the steel, despite different chloride contents. This further reinforces the need to 
condition the specimens for a longer period, in order to study the corrosion behaviour 
after hydration and passivation stabilises.  Due to the lack of data-points, any trend in 
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the corrosion rate data (after CP interruption), was not visible for the 0.5% NaCl 
specimens.  
 
Figure 5:2: Variation  of corrosion rates with time for 0.5% NaCl specimens 
Overall, corrosion rate data obtained from LPR measurements was not able to provide 
clear trends and proved to be somewhat ambiguous. One of the biggest limitations of 
this work was the fact that due to the limited time, corrosion could not be sufficiently 
established prior to testing. For future work, it is recommended to condition 
specimens for a longer period (for eg: one year) or use of reinforced concrete 
specimens from real structures, which are actively corroding. Furthermore, other 
options such as macro-cell corrosion current measurements, similar to the method 
used by Presuel et al [73], should be considered as a supplementary method to 
monitor corrosion state. 
5.2: Potential 
Figure 5:3 shows the variation of potentials for SP1-7 (refer to Appendix B for 
individual potential graphs). It should be noted that CP for SP1 was switched on 1 
week before the other specimens, hence slightly shifted out of phase from the other 
curves. Potentials over the 90-day conditioning period prior to switching the CP on 
were seen to vary in the range of approximately -350mV to -250mV (Ag/AgCl), which 
corresponds to a moderate corrosion risk, according to ASTM C876 [82]. The 
82 
 
potentials generally showed an increasing trend towards positive values with time, for 
reasons discussed in section 5.1.  Upon switching the CP on, the effects of different 
current densities are immediately evident from the potential shifts, with the highest 
current density of 540mA/m
2 
(SP6) resulting in a potential of approximately -800mV. 
Details of each specimen are presented in table 5:1. During the current-on period, 
some fluctuation in potential is seen, which can be attributed to variations in 
environmental conditions and also the change in the electrochemistry at the steel 
surface. The degree of fluctuation appeared to increase with current density (refer to 
potential figures in Appendix B), suggesting change in electrochemistry is largely 
accountable for this behaviour. After interrupting the current, all specimens 
depolarized to more positive values, with 24h depolarized potentials being greater than 
their initial corrosion potential (before CP). SP5 and SP6 continue to shift to more 
positive values for 52 and 81 days respectively, after which a drop in the potential to 
more negative values is observed. Similar trends of sudden potential drops after 
cathodic current interruption have been reported in the literature [73, 78], which 
indicate a persistent protective/residual effect for a certain period. SP4 shows a roughly 
sustained potential (without significant positive shift) at a potential considerably more 
positive than the control, for 40 days after current interruption. This is also indicative 
of residual protection, as an absence of the positive upward trend in potential does not 
necessarily mean that protection is not afforded [78]. The reason for the different 
trends observed is likely to be variations in the Cl
-
/OH
-
 ratio due to the charge passed. 
The Cl
-
/OH
-
 influences the degree of re-passivation of steel and hence the steel 
potential. SP1 and SP3, like SP4, show sustained potentials after current interruption, 
but for much shorter durations (5 and 15 days respectively). SP2 is the only specimen 
that does not exhibit any positive potential trend or sustained potential after current 
interruption, as its potential gradually started decreasing shortly after depolarization. 
Although it may suggest that no residual protection was afforded whatsoever, it is 
difficult to conclude if that was indeed the case, as the potentials were still higher than 
the control for a period of time. It is safe to say that the residual protection in this case 
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was less than 5 days. A comparison of durations of residual protection is made 
graphically in figure 5:4. 
From potential trends, it is observed that the duration of residual protection is a 
function of both total charge passed and rate of passing the charge, and not simply a 
direct function of the total charge by itself. In general, higher charge specimens (ie, 
higher current density and longer duration of CP application) are seen to exhibit 
longer residual effects, and specimens passing the same charge over a shorter duration 
(ie 1 month opposed to 3 months) show longer residual protection, with the exception 
SP2, in which case it is likely, with some degree of uncertainty, that the residual effect 
was less than 5 days (ie, less than SP1). It is hypothesized that higher current densities 
produce stronger electrical fields around the bar, removing chlorides from the around 
the bar and producing hydroxyl ions at a quicker rate, therefore causing the Cl
-
/OH
-
 
ratio at the bar to decrease to a greater extent than that of a lower current specimen, 
despite a longer duration (ie disproportionate change occurs). If protection had been 
afforded, then an increase in the time until corrosion was initiated could be expected. 
However, the time constraint on the research programme precluded further 
monitoring. These observations further support the recommendation that additional 
time is required for conditioning. 
 
Figure 5:3: Potential variation over test duration for 3% NaCl specimens  
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Specimen Corrosion 
Potential 
Before CP 
(mV)  
Average 
Polarized 
Potential  
(mV) 
24h 
Depolarized 
Potential  (mV) 
Apparent 
Residual Effect 
(days) 
SP1 -250  -356 -188 5 days 
SP2 -291 -459 -211 <5 days 
SP3 -246 -427 -198 14 days 
SP4 -254 -592 -184 40 days 
SP5 -261 -561 -180 52 days 
SP6 -265 -763 -153 81 days 
SP7 -285 - - - 
Table 5:1: Summary of potential data and residual protection 
 
Figure: 5:4: Duration of residual protection 
Figure 5:5a shows the variation of potentials during and after application of CP for the 
0.5% NaCl specimens. The free corrosion potentials after 2 months from casting 
(before CP application) are much more positive than the 3% NaCl specimens, with 
values close to -100mV, which indicate a low risk of corrosion. Figure 5:5b shows a 
cathodic polarization curve obtained by sweeping the voltage and recording the 
resulting circuit current. The result suggests that the 0.5% NaCl specimen had a less 
aggressive corrosion, as a somewhat higher polarization (more negative potentials) was 
achieved for similar current densities up to 400mA/m
2
. As discussed in the literature 
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review (section 3:6), the corrosion rate plays a crucial role in the current demand for 
polarization, with higher corrosion rates requiring a greater input current to overcome 
the corrosion reaction kinetics and generate an over-potential.   
Upon current interruption, the potentials don’t show a positive trend like that seen for 
SP5 and 6, nor a sustained potential above the control, such as that seen for SP1, 3 
and 4. It is seen to depolarize to a similar potential to the control after current 
interruption. This is possibly because the corrosion was not actively established due to 
the low chloride content and short conditioning period prior to CP application, 
suggesting steel was passive. This would also explain why CP did not make any 
appreciable difference, as the steel passive layer was not destroyed, to begin with. In 
this situation, where the passive layer has not broken down, AS 2832.5 would indicate 
that residual protection was rendered irrelevant for 0.5% NaCl specimens. 
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Figure 5:5 a) Potential variations over test duration for 0.5% NaCl specimen b) 
cathodic polairzation curves  
5.3: Depolarization Measurements 
Figure 5:6 shows the depolarization curves for SP1 for 1 week and 1, 2 and 3 months. 
Depolarization curves for other specimens follow a similar trend and can be found in 
Appendix B. It is observed that the 1 week 24h depolarized potentials are considerably 
lower (less positive) than 1, 2 and 3 month values, which are very similar. The 
relatively lower depolarization values for 1 week can be attributed to the comparatively 
smaller transformation of the local environment (Cl
-
/OH
-
) around the steel bar due to 
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brief CP application. After the first month of CP application, depolarization potentials 
don’t change appreciably. This is attributed to the removal of chloride ions at the 
steel/concrete interface coupled with generation of hydroxyl ions resulting in a 
reduction in the (Cl
-
/OH
-
) ratio, leading to the re-passivation of the steel. Subsequent 
CP application does not significantly reduce the chloride ion concentration further 
(rate of chloride removal decreases considerably). This is supported by findings of 
Fajardo et al [98] who showed that for shallow concrete specimens treated with 
electrochemical chloride extraction, considerable amount of chlorides are removed 
during the first 21 days of application, after which the rate of chloride removal 
decreased appreciably. The slight changes that are seen between 1,2 and 3 months is 
possibly a combination of the small reduction in chlorides and increasing pH due to 
continual formation of hydroxyl ions. In other terms, it can be hypothesized that 
during the first month of CP application, most of the re-passivation of steel had 
occurred, beyond which the passive layer was not further developed significantly. 
 
Figure 5:6: Depolarization curves for SP1 
Figure 5:7 shows the comparison of depolarization curves for SP1 and SP8 (3% and 
0.5% NaCl at same current density). It was seen that 0.5% NaCl specimens displayed 
significantly higher depolarization values which demonstrates the impact of using a 
lower concentration of chlorides. The lower chloride contents cause the corrosion to 
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be less aggressive, as suggested by the cathodic polarization curve (figure 5:5b).  
Furthermore, it is observed that the percentage of change in the depolarization value 
between 1 week and 1 month is quite clearly much lower than 3% NaCl specimens, 
therefore reinforcing the probability that the 0.5% NaCl specimens were passive prior 
to CP application.  
 
Figure 5:7: Comparison of depolarization for different chloride contents (Sp1 and Sp8) 
Figure 5:8a shows the estimated 24h depolarization values obtained for each specimen. 
It should be noted that depolarization values could not be accurately determined due 
to the difficulties encountered with obtaining true instant-off potentials. Codes of 
standards usually recommend that the instant-off potential be obtained within a 
fraction of a second, however, in this case, most instant-off readings were based on 
potentials 3s after current interruption. This means that values reported are 
underestimated. Furthermore, fluctuations in some readings right after current 
interruption, possibly due to transient voltages (switching surges, capacitance effects, 
etc) were another source of inaccuracy. Nevertheless, clear contrasts in the available 
results are obtained, particularly when comparing between specimens, rather than 
comparing depolarization values of each specimen (1 week, 1 month, etc). From figure 
5:8a, it is observed that the depolarization follows a similar trend to duration of 
residual protection, in relation with current density and charge, where higher 
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depolarization are seen for higher charge specimens and for higher current density 
specimens passing equal total charge. Therefore, depolarization appears to have a 
relationship with residual protection. This is logical, since both depolarization and 
residual protection is determined by the degree of re-passivation that occurs. Figure 
5:8b shows the relationship obtained between average depolarization values and 
current densities (average taken of specimens with same current density), for 3 % 
NaCl specimens. A linear trend is observed, similar to figure 3:8.  
 
 
 
Figure 5:8a) Comparison of 24h depolarization values b) relationship between 
depolarization and average current density 
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5.4: Resistance 
Figure 5:9a is a typical plot (SP4) showing the change in measured concrete resistance 
over the test period. P1, P2 and P3 denote the top, middle and bottom pins 
respectively (P1 being closest to the bar). Figure 5:9b shows the same data set, 
however with the resistance values normalized with the initial measured resistance 
value. Normalized values show a smaller dispersion between readings from each pin 
set. Figures for other specimens can be found in Appendix B. Resistance values are 
seen to increase over time, with its rate of increase being at a maximum during the 
first few days after casting, due to rapid cement hydration. Based on the measurements 
obtained from the specimens, concrete resistance can be broken down into three 
stages; during the first week, the rate of increase in concrete is at a maximum, 
followed by a slower but steady increase up to approximately 100-150 days, after 
which the resistance starts to reach an almost constant state, as shown in figure 5:9b 
(SP7). Therefore it can be concluded that under the given curing regime, concrete 
specimens were under dynamic change, in terms of concrete resistance, up to 
approximately 100-150 days, following which the rate of change became unsubstantial. 
Corrosion rates taken after 100 days also seemed to reach a steadier state, which 
indicates a direct relationship with concrete resistance. This observation further 
supports the premise that the high initial corrosion rates and degree of fluctuation is 
largely influenced by concrete resistance.  
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Figure 5:9 a) Change in measured resistance for SP4 over time  b) measured resistance 
converted to normalized resistance 
Figure 5:10 shows the normalized resistance values obtained for P1 for SP1-7. It is 
seen that SP1, SP2 and SP4 follow the control trend quite closely, even after current 
interruption, which implies that the local concrete environment around the steel was 
not greatly impacted by CP application. SP3, shows slightly higher resistance values 
soon after current interruption, indicating that the longer duration of CP application 
(despite same current density as SP2) had a more substantial effect on the concrete 
resistance in the vicinity of the steel bar. SP5 shows a much larger increase in 
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resistance and much clearer contrast to SP4, showing a significant change in concrete 
environment was achieved. SP6 also shows very high resistance values that deviate 
from the control tend. From these observations, it is evident how concrete around the 
steel is influenced by CP, as seen particularly from SP5 and SP6 readings in figure 
5:10. The increase in resistance can be attributed to the removal of chlorides near the 
bar, reducing the charge carrying capacity in that locality. Although, part of the 
increase in resistance is from continued cement hydration, the distinct deviations in 
trends, particularly for SP5 and 6, are the compounded effects of cement hydration 
and chloride removal. 
 
Figure 5:10: Normalized resistance for SP1-7 for P1 
The positions of the pins for SP3 and SP5 seemed to have shown an influence on the 
resistance measurements after CP application, with P1 showing relatively high 
resistance as shown in figures 5:11a-c. This is as expected, as P1 being closest to the 
bar is likely to show a greater change in resistance due to the higher removal of 
chlorides (near the bar). For SP3 and SP6, results for P1 and P2 showed little variation 
but displayed higher resistances than P3. SP1, SP2 and SP4 did not seem to follow any 
consistent trend in terms of pin-positioning.  
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Figure 5:11: Variation of normalized resistance for a) SP3 b) SP5 c) SP6 
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5.5: Temperature and Humidity 
Figure 5:12a shows the humidity data monitored for SP1 over the test duration. 
Internal humidity readings ranged from about 65% to 98% over the test duration, 
excluding the sudden drop at 75 days, which was due to specimens drying out 
excessively during laboratory relocation (specimens were not sprayed over a few days). 
Between 180 and 192 days, the internal humidity reached 98%, likely due to 
continuously increasing temperatures (figure 5:12b) due to seasonal variations, 
resulting in a cumulative effect on humidity. The humidity dropped shortly after that, 
which also corresponded to a drop in temperature. Interestingly, when humidity was 
98%, a drop in potential for SP4 was seen, which could imply that the discontinuation 
of apparent residual protection may have been a result of high moisture content of 
concrete during that period. This might also explain the subsequent positive trend in 
potential seen for SP4 after the drop. This implies that passivity may not have been 
lost, rather it may have been an environmental effect that resulted in the potential 
drop. Moisture contents above 98% would have resulted in oxygen being restricted at 
the bar surface, thereby causing a similar effect of oxygen starvation where highly 
negative potentials are produced. Since concrete was not fully saturated, some parts of 
the steel bar would have still had access to oxygen, while others not, which may be the 
reason why the effect was less pronounced and highly negative potentials (associated 
with oxygen starvation) were not observed.  As the humidity dropped, the potentials 
showed an increasing trend. Therefore, it is possible that the apparent duration of 
residual protection for SP4 is understated.  
Internal concrete temperature variation is shown in figure 5:12b. It was seen that 
temperature were similar for all specimens and positions, the figure shows readings of 
two randomly selected thermocouples from different specimens and positions (SP1-T1 
and SP6-T3). Temperature over the test duration varied between 13 and 30 °C.  
Generally, an increase in humidity and temperature results in increased corrosion 
rates, as discussed in section 2.2.6. Overall, ignoring peak values, the variations do not 
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seem to be significant and it is expected that there is no significant effect from 
temperature and humidity variations on corrosion rates. 
 
 
Figure 5:12: a) Change in internal humidity of concrete over test period for SP1 b) 
Change in concrete temperature shown for two randomly selected thermocouples  
 
5.6: Visual Inspection 
Following the tests, specimens were dry-cut to expose the specimen cross section in 
order to qualitatively and quantitatively analyse chloride distribution around the steel 
bar. Subsequently, the sections of the steel bars were extracted to visually inspect the 
condition of each bar. It was found that the 3% NaCl specimens showed some signs of 
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corrosion as shown in figures 5:13a,b, whereas the 0.5% NaCl specimens showed very 
little signs of corrosion as seen from figures 5:13c,d. This verifies the previous 
speculation that the 3% NaCl specimens were corroding to a degree and that 0.5% 
NaCl specimens were passive. It was difficult to visually differentiate the differences of 
the CP-applied specimens to the controls, due to the relatively short period of testing. 
Over longer test duration, it would be anticipated that the differences would be more 
pronounced and gravimetric measurements would be feasible for comparison. Images 
for each specimen can be found in Appendix C. 
 
 
 
 
Figure 5:13: Levels of corrosion for steel bars from a,b) SP3  c,d) SP9 
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5.7: Chloride Analysis 
For the qualitative analysis of chloride distribution around the steel bar, AgNO3 
solution was brushed onto the exposed cross-sections to see whether a distinct profile 
of white AgCl precipitate formed. It was anticipated that the area in the immediate 
vicinity of the bar would produce a less visible precipitate of AgCl, contrasted from the 
areas further from the bar with higher chloride concentrations. Unfortunately, this 
method failed to produce any observable profiles, indicating that chlorides 
concentrations from the bar did not vary significantly. In order to determine whether 
chloride ions had in fact moved away from the bar as a result of CP, quantitative 
analysis was undertaken for SP6; being the highest current density specimen, it was 
anticipated that the chloride distribution, if any, would be the clearest. In order to do 
this, concrete dust from different positions around the bar was collected by drilling 
vertically through the specimen cross-section at different positions using a 4mm drill-
bit, as indicated in figure 5:14a. The method used was based on the RILEM 
recommendation for analysis of total chloride content in concrete [99]. However it was 
modified to suit measurements using a chloride ion-selective electrode. A dust sample 
of approximately 1g was accurately measured (for each dust sample) with an analytical 
balance and 50ml of diluted 70% HNO3 (1:2) was added. The suspension was brought 
to boil using a water-bath and left for a minute. 5ml of NaNO3 ionic strength adjuster 
was added and the solution further boiled for another minute. After cooling, the 
solution was filtered and di-ionized water was added to the filtrate such that the total 
volume of the solution was 200ml. A chloride ion-selective electrode was used to take a 
number of readings for each solution, from which an average value was then 
calculated. A calibration curve was obtained using standard NaCl solutions, using 
which the chloride contents from the samples were determined. The results are 
presented in figure 5:14b as percentage of chloride by weight of cement. A 3% NaCl 
corresponds to approximately 1.8% Cl by weight of cement. Moving from P1 to P2, it 
is seen that the chloride concentration drops, which suggests that chlorides at the 
bottom part of the bar may have migrated away from the bar to a greater extent than 
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P1. P3 in relation to P2 shows an increase in chloride concentration, which is likely 
due to the cumulative effect of chlorides migrating away from the bar towards the 
anode. The highest concentration was seen near the anode, which is as expected. This 
shows that chlorides, although to a small extent, have been removed from the vicinity 
of the bar. 
 
 
Figure 5:14: a) Position of drillings for the extraction of concrete dust  b) results of 
chloride analysis 
5.8: Cathodic Polarization (for different chloride contents) 
Figure 5:15a shows the cathodic polarization curves obtained after 1 month from 
casting. It is seen that the curves are very close to each other, even for the higher 
percentages of chlorides. This would suggest that the specimens are in a similar 
corrosion state, although corrosion rate data (measured prior to polarization 
measurements) in figure 5:15c show otherwise. This apparent contradiction maybe 
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explained by the postulation that current demand is a function of the degree of pitting, 
which at the initial stage is limited, regardless of the measured corrosion rates. 
Measurements made after 2 months from casting (figure 5:15b) show that the curves 
have shifted. The 0% NaCl specimen remains in it its place as before, however the 
salt-contaminated specimens are seen to shift. Specimens with 0-2% NaCl are seen to 
achieve higher polarizations, indicated by negative shift in potentials, whereas 3 and 
5% NaCl specimens are seen to achieve lower polarization (curves shifted in the 
positive direction). The higher polarizations (after 2 months), for the 0-2% NaCl 
specimens is likely due to the reduced corrosion rates. The 0.5 and 1% specimens 
show an anomaly in the trend where slight increases in corrosion rates are observed, 
although this could very well be misrepresentations due to sporadic fluctuations in 
readings. The reduced corrosion rates generally imply less current to produce higher 
polarizations, as discussed in section 3.6. As for the 3 and 5% NaCl specimens, 
although corrosion rates are seen to reduce, a lower degree of polarization is seen. 
This may result from the presence of local active pitting sites (as seen to exist for 3% 
NaCl specimens from visual inspection in section 5.6), which may have propagated 
extensively, indicated by high corrosion rates (>1.8 µA/cm
2
).  Discrete and active 
anode sites develop, often resulting in deep pits, which result in higher currents 
demands for current to distribute over a larger area and overcome local anodic 
reactions. In other words, current demand/polarization is also a function of the total 
anodic area and not just the instantaneous corrosion rate. This highlights that the LPR 
method is limited in only providing instantaneous corrosion rates and unable to 
provide information on the total degree of corrosion experienced till date.  
When compared with figures 3.9a and b, it can be seen that figure 5.15b follows 
similar trends. The Tafel segment, as mentioned earlier in section 3.7, is more clearly 
visible for 3 and 5% NaCl specimens, due to the distinct plateau before potentials start 
to drastically drop (more so if graphs plotted in a logarithmic x-axis).     
Results obtained from cathodic polarization curves suggest that periodic measurements 
of polarization can be useful to understand the evolution of corrosion better. This 
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method of corrosion evaluation, though qualitative, has the advantage (over LPR) that 
it gives an idea of the total corrosion state of the steel bar, rather than just the 
instantaneous corrosion rate.  
 
 
 
Figure 5:15: Cathodic polarization curves obtained after a) 1 month  b) 2months.      
c) Variation of corrosion rate with %NaCl  
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5.9: Discussion 
A number of parameters were monitored before, during and after CP application in 
order to address the research questions of this project. Before the application of CP, 
corrosion rates were seen to decrease, while potentials became more positive and 
resistance increased. The decrease of corrosion rates were attributed to initial cement 
hydration and steel passivation. During CP-on period it was not possible to monitor 
corrosion rates and resistance, however potential data was monitored. The effects of 
different current densities on polarization were clearly seen from the potential data. 
Polarized potentials showed greater degree of fluctuations for higher current 
specimens indicating significant changes in electrochemistry at the bar surface. 
5.9.1: Research question 1: What are the requirements to achieve steel 
passivation in terms of current density and potential?  
Potentials, corrosion rates, depolarization results and visual inspection revealed that 
corrosion was not actively established for the 0.5% NaCl specimens and limited for 
the 3% NaCl specimens. The limited corrosion was perhaps the biggest inadequacy of 
this work which made it difficult to address the first research question. In other words, 
re-passivation can only be addressed explicitly when steel has de-passivated 
completely, which was an uncertainty in this study. This highlights the need for longer 
conditioning periods or the use of actively corroding specimens obtained from real 
structures on-site.  
5.9.2: Research question 2- How long does residual protection last?  
Corrosion rates did not prove to be reliable in providing information for the residual 
protection, therefore the evidence to address the second research question is based on 
the half-cell potential readings, and depolarisation data. All 3% NaCl specimens 
displayed clear residual effects seen from either positively rising potentials or sustained 
positive potentials (above control potential) after current interruption, except for SP2, 
which did not show any clear trend. The residual effect is thought to be provided by 
the decrease in Cl
-
/OH
- 
ratio, which influences steel (re)passivation. The decrease in 
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chlorides near the bar was verified by analysing chloride contents for SP6. Over time, 
sudden drops in potentials were observed, which indicated the disruption of residual 
protection. This is possibly due back diffusion of chlorides under the natural 
concentration gradient created, resulting in eventual disruption of the passive layer 
that was undergoing repair during CP application. Environmental changes may also 
be a reason for the drop in potentials, as may have been the case for SP4 (based on 
post-CP potential trend and humidity data). The order of the apparent duration of 
residual protection is as follows: SP2<SP1<SP3<SP4<SP5<SP6, which corresponds to 
<5, 5, 14, 40, 52 and 81 days respectively. Generally speaking, the higher charge 
specimens were seen to exhibit longer residual protection and specimens passing the 
same charge over a shorter duration (ie, higher current density specimens for the same 
charge) showed longer residual protection. It is hypothesized that the higher current 
densities create disproportionate changes in the Cl
-
/OH
-
 ratio, which in turn is 
responsible for this trend.  
5.9.3: Research question 3: What is the effect of duration of CP on residual 
protection? Can total charge be used as a basis to simulate variable durations 
of CP? 
With reference to the third research question, it is established that the duration of CP 
application has a clear effect on the extent of residual protection. In general, it is 
observed that longer CP duration as well as higher current density (higher total 
charge), result in longer residual effects. It was found that total charge cannot be used 
as a basis to simulate longer periods of CP application due to the effects of rate of 
charge passed (ie, current densities) resulting in a non-linear relationship between 
charge and duration of residual protection. 
5.9.4: Research question 4: What is the effect of chloride content on residual 
protection and current requirements? 
Unlike 3% NaCl specimens, the 0.5% NaCl specimens did not display any apparent 
residual effect whatsoever, based on the observation that depolarized potentials after 
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current interruption were maintained at the same level of the control specimen’s 
potential. This is understandable as it has been established that the 0.5% specimens 
were most likely passive prior to CP application. Therefore, with regards to the last 
research question, the effect of using a lower chloride on residual protection could not 
be determined over the timeframe of the project. To answer this question a longer 
conditioning peiriod for specimens before testing is recommended.  
As for the influence of lower chloride content on current demand, it was seen that the 
current demand changes with time, depending on the corrosion state of the bar. 
Cathodic polarization curves after 2months from casting showed that lower current 
was required to polarize 0.25-2% NaCl specimens, due to their less aggressive 
corrosion state while 3 and 5% NaCl specimens required higher current due to active 
corrosion and pitting. It was hypothesized that the current demand was linked to the 
anodic area.  
The 24h depolarization values were obtained with some degree of inaccuracy, 
nevertheless followed a similar trend to duration of residual protection, in relation 
with current density and CP duration. The data shows that 24h depolarization values 
can be related to the duration of residual protection, as may be expected, since both 
residual protection and depolarization are determined by the degree of steel re-
passivation.  
Depolarization curves for 3% NaCl specimens suggest that most of the steel re-
passivation occurs during the first month of CP application as subsequent 
depolarization curves were seen to vary insignificantly. As for 0.5% NaCl specimens, 
they displayed higher depolarization than corresponding 3% NaCl specimens (for the 
same total charge), as would be expected. 
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6: Conclusions and Recommendations 
The conclusions of this study are as follows: 
 Residual protection was achieved from high current densities in short term 
application of ICCP, observed from potential data. 
 In general, greater the current density and duration of CP application, longer 
the residual protection achieved. 
 Higher current density specimens for the same charge showed longer residual 
protection. This result indicates that the rate of charge passed (current density) 
has a clear effect on the residual protection and was found to have a more 
dominant effect than duration of CP. As such, total charge passed cannot be 
used as a basis to simulate longer periods of CP application.Corrosion was not 
well established in the 3% NaCl specimens and 0.5% NaCl specimens were 
most likely passive. Consequently, conditions required to achieve passivation 
and the effect of lower chloride content of duration of residual protection could 
not be determined. This highlights that specimens need to be conditioned for a 
longer period of time before testing. 
Recommendations for future work: 
 Specimens should be conditioned for sufficiently long periods of time before 
testing to ensure corrosion is actively initiated. 
 Monitoring period after current interruption should be extended.  
 Additional experiments where lower and more practical current densities 
applied for longer periods can be conducted. Furthermore, data from actual CP 
installations on real structures would be particularly useful to support findings.  
 Additional measurements for corrosion activity (eg: macrocell current using 
zero resistance ammeters) should be considered to supplement LPR 
measurements. 
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 Depolarization measurements should be taken with care and appropriate 
instrumentation to ensure accuracy of instant-off potentials. 
 Effects of environmental influences, such as humidity, on residual protection 
may be studied to provide a better understanding of this phenomenon.  
 Further studies on effects of added chloride on current requirements for 
passivation and residual protection are required. This should include use of a 
wider range of chloride percentages and longer conditioning periods.  
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APPENDIX A: Anode Types for ICCP in Concrete
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Anode 
type 
 
Picture 
 
Description 
Typical output 
(mA/m
2 
concrete) 
Estimated 
Design Life 
(years) 
 
Advantages 
 
Disadvantages 
 
 
Titanium 
anode 
mesh 
  
Wire mesh made of titanium substrate 
coated with an MMO. Usually come in rolls 
which are placed on required surface and 
then covered with cementitious overlay. 
Typically used in large structures such as 
bridge decking and buildings. 
 
 
 
15-110 
(varying grades) 
 
 
 
25+ 
 
 Uniform current distribution 
 Very good redundancy 
 Long life 
 
 Requires cementitious overlay usually 
covering large surfaces 
 Overlay adds to structural dead load 
 Anode must cover all concrete 
surfaces that require protection 
 
 
Titanium 
ribbon 
mesh 
  
Similar to titanium anode mesh except that 
the meshes come in the form of thin 
strips/ribbons (typically 10-20mm wide) and 
have closer mesh spacing. Can be mounted 
on reinforcement during construction phase 
or installed in pre-cut slots after 
construction. 
 
 
 
 
15-110  
(varying grades) 
 
 
 
 
25+ 
 
 No concrete overlay required 
 Long life 
 Can be installed before and 
after construction 
 Generally less expensive than 
titanium anode mesh 
 Current distribution less uniform 
compared to anode mesh 
 Requires adequate cover from 
reinforcing steel 
 Risk of saltwater penetration through 
defects in grouting used to cover 
slots. May cause high current 
discharge and acidification around 
anode 
 
 
 
 
Conductive 
Overlays 
  
 
Carbon-based coatings consisting of 
conductive binders applied over wires made 
of materials like platinized titanium and 
niobium. Applied by painting over concrete 
surfaces usually followed by an overcoat 
 
 
 
 
20 max 
 
 
 
 
10-15 
 
 Easy to apply 
 Can be applied over irregular 
surfaces 
 Costs tend to be lower than 
titanium anodes 
 Particularly subjected to short-
circuits from exposed steel  
 Coating disbondment may occur 
from excessive moisture or drying 
 Oxidation of carbon may reduce 
anode conductivity over time 
 More prone to chlorine gas evolution 
(and acid formation) than titanium 
or ceramic based anodes 
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Some commonly used anode types for ICCP systems in concrete [100-103] 
 
 
 
 
 
Discrete 
Anodes 
  
 
Anode units inserted into drilled holes and 
back-filled with cementitious grout. Placed 
at certain intervals from one another 
depending on requirements. Anodes come 
in various forms and materials, such as 
titanium mesh rods/wires, ceramic anodes. 
 
 
 
 
10-110  
(for discrete 
MMO Ti with 
carbonaceous 
surround) 
 
 
 
 
 
 
 
25+ 
 
 
 No concrete overlay required 
 Anodes can be installed from 
one side of structure 
 Inexpensive installation 
 Anodes usually inserted deep 
inside concrete where chloride 
concentrations are normally 
low. Therefore higher current 
densities may be applied 
 Long life 
 
 Non-uniform current distribution if 
anodes are not appropriately spaced. 
May lead to some steel sections being 
under-protected while others over-
protected 
 Detection of shallow steel during 
drilling can be difficult. Greater risk 
of short circuit 
 Gas vents required for discrete 
anodes operating at high current 
densities 
 
 
 
Arc 
sprayed 
anodes 
 
 
 
Less common in its usage. The installation 
involves metallizing a metal such as zinc 
and aluminium using a high amperage arc 
and spraying onto concrete with compressed 
air. Coatings are typically applied to a film 
thickness of 200-400 microns.  
 
 
 
 
20 max 
 
 
 
 
10-15 
 
 Can be applied on irregular 
surfaces 
 Reduced dead load compared to 
systems requiring overlays 
 Low resistivity of zinc allows 
uniform current distribution 
 Good aesthetics 
 
 Risk of short circuit with exposed 
steel 
 Debonding may occur 
 Concrete surface preparation 
required 
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APPENDIX C: Visual Inspection of Steel Bars 
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